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Executive Summary 
 
The rapid conversion of rural areas to peri-urban land cover globally is increasing the 
demand for space near urban centers. At the same time, brownfield sites, underutilized due 
to the risks associated with local soil and groundwater contamination, take up a considerable 
amount of space in urban centers, particularly in Europe. The estimated total area of 
brownfield space in Belgium, Germany and the Netherlands, for example, is 145 square 
kilometers (km2), 1280 km2 and 110 km2, respectively. Remediating these areas and adding 
them to the urban supply of land would contribute to more compact urban centers and would 
reduce the consumption of undeveloped green areas at the periphery. Remediating and 
redeveloping abandoned and idle sites brings about the primary benefit of reduced risk to 
receptors of contact with contaminants as well as available urban space. Doing so, however, 
would require considerable financial investments. Beyond the cost of remediation, the work 
or energy required to deliver a remediated site generates unwanted secondary 
environmental impacts, as well as the potential for the future land-use on-site to conflict with 
the interests of local stakeholders.  
 
Sustainability assessment Decision Support Systems (DSSs) provide a means of allowing 
decision makers to balance a range of different criteria in identifying the most acceptable 
course of action.  The trade-offs between the different criteria are made explicit, such as 
whether the resource investments deliver acceptable financial and environmental returns and 
whether the eventual future land-use scenario contributes to a more sustainable society. The 
tools therefore allow the decision maker to avoid simply shifting environmental burdens from 
one environmental compartment to another, from one generation to another and from one 
impact category to another.  
 
The specific focus of the PhD thesis is on improving existing sustainability assessment 
decision support tools and methods so that they can provide a more accurate evaluation of 
the broader environmental, social and economic consequences of alternative courses of 
actions. ‘Sustainability’ is usually considered in two phases of the brownfield revitalization 
process; in the choice of remediation strategy and in the choice of the eventual brownfield 
redevelopment scenario. The thesis provides a foundation for integrating these two decision 
phases by introducing additional indicators and impact categories that reflect the value of 
revitalised sites to society and the local community. The thesis begins with an evaluation of 
existing tools highlighting the various inconsistencies and aspects in which the tools can be 
improved. The following chapters each address a different methodological improvement 
covering various integrated assessment methodologies such as life-cycle assessment, social 
impact assessment and ecosystem services valuation. Each of the core research chapters 
demonstrates the capabilities of the methods with a brownfield case study from Flanders.  
 
The tools evaluated in the first research chapter (Chapter 2), include the Flemish CO2 
Calculator and three integrated sustainability assessment tools: REC, SRT and GoldSET. 
The results of the evaluation reveal that not all tools consider in-situ and ex-situ technologies 
on the same basis. For example, REC and SRT do not consider the secondary 
environmental impacts of processes occurring off-site for ex-situ technologies. The 
comparison of the tool indicators also reveals the extent to which the social and economic 
dimensions of sustainability are considered. Social considerations are still difficult to quantify 
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and most indicators are based of subjective expert judgments. One key social impact is 
however quantitative; namely space availability, in area terms, on-site during remediation.  
 
The following chapter (Chapter 3) looks at how space availability is accounted for in 
comparative life-cycle assessments of remediation strategies applied in brownfield cases. An 
amendment to the existing life-cycle impact assessment approaches is proposed, which 
accounts for on-site space as a resource. Space or land on-site remains unavailable to 
society as long it is occupied by remediation operations. The amendment within a broader 
life-cycle assessment procedure is applied to a case study. The results show that there is a 
trade-off between greenhouse gas emissions and land availability and that both are largely 
dependent on the efficiency of the remediation technology. 
 
Another important consideration regarding on-site space is how the local community can 
benefit from what is included on-site. Chapter 4 presents a social amenity proximity analysis 
tool which determines the walking distance to the nearest, doctor, pharmacy, school, place of 
employment, meeting place, shop and green area for people living around brownfields. The 
existing distance can be compared to future scenarios in which such amenities are included 
on-site. The results for the particular case study illustrate that the local residents would 
benefit more from some amenities on-site than others, when walking distance alone is 
considered. 
 
Finally, Chapter 6 demonstrates how ecosystem service valuation methods can be used to 
quantify the incremental benefits of including nature-based solutions and green infrastructure 
in the brownfield redevelopment context. The particular nature-based solutions of green 
buffer zones included in the case study were intended to manage surface run-off. Therefore 
the costs of drainage and purification of run-off could be avoided. The additional benefits of 
secondary services provided by the nature-based solutions exceed the financial savings of 
managing surface run-off. The approach provides a basis for further research into how 
decision-making in this context can consider the resilience of brownfield redevelopment 
scenarios to the future impacts of climate change. 
 
The insights from each of the chapter can be integrated into existing approaches. In this 
sense, the research presented in the thesis allows for more holistic decision making in the 
sustainable brownfield redevelopment context as well as for integrated assessment in 
general.  
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Nederlandse Samenvatting 
 
Verbetering van duurzaamheidevaluatiemethoden voor herontwikkelingsscenario’s 
van vervuilde terreinen 
 
De snelle conversie van landelijke gebieden tot perifere stedelijke gebieden veroorzaakt 
wereldwijd een toenemende vraag naar ruimte in de buurt van stedelijke centra. Tegelijkertijd 
nemen vervuilde terreinen, welke braak liggen door de risico’s verbonden aan plaatselijke 
bodem- en grondwatervervuiling, veel ruimte in beslag in stedelijke gebieden, vooral in 
Europa. Het aantal vervuilde terreinen in België, Duitsland en Nederland beslaat naar 
schatting respectievelijk 145 vierkante kilometer (km2), 1.280 km2 en 110 km2. De sanering 
van deze terreinen en het toevoegen ervan aan het stedelijk landoppervlak zou bijdragen 
aan compactere stedelijke centra en zou het gebruik van niet ontwikkelde groengebieden in 
de periferie terugbrengen. De sanering en herontwikkeling van verlaten en braakliggende 
terreinen betekent zowel een vermindering van de risico’s op contact met vervuiling als een 
toename in beschikbare stedelijke ruimte. Anderzijds zijn er grote financiële investeringen 
voor nodig. Naast de kosten van de sanering brengen de werkzaamheden en de energie die 
nodig zijn voor de sanering van een terrein ongewilde secundaire gevolgen met zich mee 
voor het milieu, maar ook een potentieel conflict tussen het toekomstige gebruik van het 
gebied en de belangen van plaatselijke stakeholders.  
 
Sustainability assessment Decision Support Systems (DSSs) zijn een middel voor 
beleidsmakers om verschillende criteria tegen elkaar af te wegen om zo tot het beste plan 
van aanpak te komen. De afwegingen tussen de verschillende criteria worden zichtbaar 
gemaakt, zoals of de investering in grondstoffen acceptabele voordelen voor financiën en 
milieu opleveren en of het eventuele toekomstige scenario voor landgebruik bijdraagt aan 
een duurzamere samenleving. De tool geeft beleidsmakers de mogelijkheid om te 
voorkomen dat de milieukundige impact simpelweg verlegd wordt van het ene 
milieucompartiment naar het andere, van de ene generatie op de volgende en van de ene 
duurzaamheidscategorie naar de andere.  
 
Het specifieke zwaartepunt van deze doctoraatscriptie ligt op het verbeteren van bestaande 
sustainability assessment DSSs en methoden, zodat deze een nauwkeurigere evaluatie 
opleveren van de bredere milieukundige, sociale en economische gevolgen van alternatieve 
plannen van aanpak. “Duurzaamheid” wordt meestal in twee fasen van het 
herontwikkelingsproces van vervuilde terreinen in overweging genomen: bij de keuze van de 
bodemsaneringsstrategie en bij de keuze van het eventuele herontwikkelingsscenario. De 
scriptie biedt een basis om deze twee beslissingsfases te integreren door indicatoren- en 
impactcategorieën toe te voegen, die de waarde van herontwikkelde gebieden voor 
maatschappij en lokale bewoners weerspiegelen. De scriptie begint met een evaluatie van 
bestaande tools, waarbij de nadruk ligt op onregelmatigheden en aspecten waarop de tools 
verbeterd kunnen worden. In de hoofdstukken daarna wordt steeds een andere 
methodologische verbetering behandeld, waarbij verschillende geïntegreerde 
evaluatiemethodes zoals life-cycle assessment, social impact assessment en ecosystem 
services valuation aan de orde komen. Ieder onderzoekshoofdstuk, inclusief de evaluatie, 
toont de mogelijkheden van de methodes aan de hand van een gevalstudie van een vervuild 
gebied in Vlaanderen.  
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De in het eerste onderzoekshoofdstuk (hoofdstuk 2) geëvalueerde tools waren de Vlaamse 
CO2 Calculator en drie geïntegreerde duurzaamheidsevaluatie methodieken: REC, SRT en 
Goldset. De resultaten van de evaluatie laten zien dat niet alle tools in-situ en ex-situ 
technieken op dezelfde manier beschouwen. Zo houden REC en SRT geen rekening met de 
secundaire milieueffecten van processen van ex-situ technieken die buiten het terrein 
plaatsvonden. De vergelijking van de tool indicatoren onthult ook de mate waarin de sociale 
en economische aspecten van duurzaamheid worden beschouwd. Sociale overwegingen zijn 
nog steeds moeilijk te kwantificeren en de meeste indicatoren zijn dan ook gebaseerd op het 
subjectieve oordeel van deskundigen. Eén van de belangrijkste sociale impacts is echter wél 
kwantitatief, namelijk de beschikbare in-situ ruimte tijdens de sanering.  
  
Het volgende hoofdstuk (hoofdstuk 3) bekijkt hoe de beschikbare ruimte wordt verantwoord 
in vergelijkende levenscyclusanalyses van bodemsaneringstechnieken die toegepast worden 
op brownfields. Er wordt een herziening van de bestaande life-cycle impact assessment 
benaderingen voorgesteld, die in-situ ruimte als grondstof beschouwt. Ruimte of grond op 
het terrein blijft onbeschikbaar voor de samenleving, zolang deze bezet wordt door 
bodemsaneringswerkzaamheden. Deze herziening wordt binnen één bredere 
levenscyclusanalyses evaluatie toegepast op een casestudy. De resultaten laten zien dat er 
sprake is van een compromis tussen broeikasgassen en beschikbare ruimte, aangezien 
beiden grotendeels afhankelijk zijn van de efficiëntie van de bodemsaneringstechnologie. 
  
Een andere belangrijke overweging met betrekking tot de ruimte op brownfields is hoe de 
lokale gemeenschap kan profiteren van de in-situ faciliteiten. In hoofdstuk 4 wordt een 
analyse-instrument gepresenteerd voor de nabijheid van sociale voorziening, die de 
loopafstand naar de dichtstbijzijnde, dokter, apotheek, school, plaats van tewerkstelling, 
ontmoetingsplaats, winkel en groene gebieden voor mensen die in omgeving van brownfields 
wonen bepaalt. De huidige afstanden kunnen worden vergeleken met toekomstige scenario's 
waarin deze voorzieningen in-situ worden geplaatst. De resultaten van de specifieke 
casestudy laten zien dat de buurtbewoners van sommige voorzieningen op het terrein meer 
zouden profiteren dan van andere, wanneer alleen de loopafstand in ogenschouw wordt 
genomen. 
  
Tot slot laat Hoofdstuk 6 zien hoe ecosysteemdienst evaluatie methoden kunnen worden 
gebruikt voor het kwantificeren van de toenemende voordelen van de nature-based solutions 
en groene infrastructuur in de brownfield context. De bijzondere nature-based solutions van 
de groene bufferzones in de gevalstudie waren bedoeld om de afvoer van oppervlaktewater 
te beheren. Op deze manier kunnen de kosten van waterafvoer en -zuivering worden 
vermeden. De secundaire effecten van nature-based solutions hebben nog veel meer 
voordelen dan alleen de financiële besparingen door het beheer van waterafvoer. De aanpak 
biedt een basis voor verder onderzoek naar hoe er bij de besluitvorming van brownfield-
herinrichting rekening gehouden kan worden met de toekomstige effecten van de 
klimaatverandering en het bestand maken van brownfields hiertegen. 
  
De inzichten van elk hoofdstuk worden geïntegreerd in bestaande benaderingen. In die zin 
maakt het onderzoek gepresenteerd in dit proefschrift een meer holistische aanpak in de 
duurzame herinrichting van brownfields mogelijk, evenals een geïntegreerde beoordeling in 
het algemeen. 
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Chapter 1: Introduction 
1. Problem Statement 
Brownfields are strategically located vacant and derelict areas that could otherwise support 
economic activity and provide services to the local community (Wedding and Crawford-
Brown, 2007). Their strategic location is due to the necessity of the previous on-site industrial 
activities requiring easy access to transport infrastructure, a labor pool and other industrial 
and business areas (Nijkamp et al., 2002). Brownfield sites therefore provide an opportunity 
for urban renewal that benefits local communities and an investment opportunity for real 
estate developers. From a broader perspective, the use of brownfields is a mitigating factor 
against urban sprawl by adding to the supply of urban space and in turn forgoing the 
development of peri-urban and rural areas. To date, the ‘sustainability’ considerations 
accounted for by decision makers focus on the environmental factors  of remediation, with 
less attention paid to the social and economic dimensions of sustainability (Labuschagne et 
al., 2005; Glasson and Wood, 2009; Dempsey et al., 2011). With regard to the 
redevelopment, social impacts are evaluated qualitatively with little consideration of how the 
physical attributes of the redevelopment scenario benefit local communities. Fostering 
ecosystems on-site that deliver services to society both locally and globally, are also not 
thoroughly considered (Rall and Haase, 2011; Bartke and Schwarze, 2015). In order to 
achieve a holistic evaluation of brownfield management, it is necessary to integrate 
remediation and redevelopment scenario considerations and to ensure that the existing 
frameworks adequately reflect the goals of sustainable development. 
1.1. Scale of Problem 
It is estimated that around 340,000 sites in the European Union (EU) member countries 
require remediation (EEA, 2014). Activities involving potential subsurface contamination risks 
have occurred at nearly 2.5 million-sites in the EU, most of which still require soil 
investigations to determine if remediation is necessary (EEA, 2014). The exact number of 
brownfield sites is unknown but in Flanders alone, it is estimated that there are around 
83,000 sites where activities occurred that potentially contaminated the subsurface (SVR, 
2016). In 2013, the equivalent total area of vacant and dilapidated sites was 30 km2, which is 
approximately 1% of the total urbanized land cover in Flanders (3650 km2) (SVR, 2013 ). 
This 1% of urban space lies idle, when it could otherwise be used to curb the projected urban 
sprawl in the coming decade (Kasanko et al., 2006; Poelmans and Rompaey, 2009; Ravetz 
et al., 2013).  
 
Brownfield management planning includes a range of considerations such as the potential 
value of the site as either industrial, light industrial, residential or recreational space. The 
execution of the redevelopment requires the responsible management of pollution risks and 
meeting regulatory remediation target levels, all of which are subject to financial cost 
constraints. Deciding on a course of action is therefore a multi-stakeholder task in which the 
interests of the different parties involved, including the site owner, the redeveloper and the 
regulator, need to be balanced and optimized (Hipel et al., 2010). Every site presents a 
unique set of challenges requiring a tailored site specific approach to optimizing stakeholder 
interests (Bleicher and Gross, 2010; Schädler et al., 2012). Beyond balancing these 
interests, including sustainability goals, introduces a range of additional considerations. The 
additional considerations ensure that externalities and problems brought about by alternative 
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courses of action are not transferred into other environmental compartments, on to other 
stakeholders (including local residents) and into the economy. The scale of the potential 
urban land resources presented by brownfields in Europe and in Flanders especially, 
underlines the importance of such sustainability considerations (Oliver et al., 2005; Thornton 
et al., 2007). 
1.2. Overview of Remediation Technologies 
Important variables that need to be balanced in brownfield remediation and redevelopment 
include the duration of remediation operations before or during site re-occupation, the 
functional requirements of the land-use scenario and to what extent this is limited by feasible 
remediation alternatives. The site can be fully remediated and redeveloped before being 
occupied, which in most cases would require the use of active remediation techniques and 
measures. The site can also be occupied during the remediation of the subsurface, using 
more passive remediation approaches that could temporarily impose restrictions on the 
redevelopment design. Finally the remediation of the subsurface might be postponed during 
reoccupation by simply sealing and containing the subsurface, which could also restrict 
redevelopment design possibilities (Hiester and Schrenk, 2009).   
 
In terms of choosing the appropriate soil and groundwater remediation technology, there are 
two important general limiting factors: 1) the nature of the contamination and the subsurface 
conditions and 2) the costs. With regard to costs, a general rule of thumb is that the more 
aggressive (as in requiring a shorter remediation duration), the more energy intensive the 
technology will be and in turn the more expensive it will be (Lemming et al., 2010c, 2013). It 
is however very difficult to make generalizations about cost and energy efficiency of different 
technologies since subsurface conditions and types of contamination vary greatly from site to 
site and there are likely to be many exceptions to this general rule of thumb (Bayer and 
Finkel, 2006). Most studies that look at the energy efficiency and environmental performance 
of technologies including Lemming et al. (2010c, 2013) have only focused on a single or 
limited number of cases.  
 
Remediation technologies can be divided into three broad categories generally ranging from 
most energy intensive and costly to least energy intensive and costly. The categories are: ex-
situ treatment, in-situ treatment and containment.   
1.2.1. Ex-situ Remediation 
The most aggressive technologies include the excavation of soil and ex-situ treatment. 
Energy is consumed in the excavation process, by the transport of soil, when mixing soil and 
by the soil treatment technologies. The main advantage of excavation and ex-situ treatment 
is that it requires a relatively short amount of time (FRTR, 2002). Various ex-situ soil 
treatment technologies exist, whereby the contaminant load is either extracted from the soil, 
chemically oxidized or (bio) degraded. There are three general categories of ex-situ soil 
treatment technologies and they are referred to as, thermal treatment, physical/chemical 
treatment and biological treatment (Khan et al., 2004; FRTR, 2002). 
1.2.2. In-situ Remediation 
In-situ technologies can also be used to extract, chemically oxidize or (bio)degrade 
contaminants in the subsurface without excavating or moving the soil. In-situ technologies 
range considerably in terms of energy demands and duration but generally speaking they 
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require more time than excavation and treating the soil off-site.  The most energy intensive 
and potentially shortest duration in-situ technologies involve applying heat to the subsurface 
in order to extract the contaminants in the gas-phase and are referred to as in-situ thermal 
desorption (ISTD) technologies (Stegemeier and Vinegar, 2001). 
 
A less energy intensive approach, although longer in duration, is the use of multiphase 
extraction and soil vapor extraction, to increase under-pressure and lower the groundwater 
table to allow contaminants to volatilize before being extracted in the soil vapor and 
groundwater (ASCE, 2007). Another technology which does not require heating the 
subsurface is the injection of chemical agents, in order to oxidate or degrade the contaminant 
load (Khan et al., 2004; Keijzer et al., 2006). 
 
 A more passive in-situ approach is bioremediation, allowing microorganisms to biodegrade 
contaminants. Biodegradation can be encouraged with the injection of nutrients, electron 
donors or acceptors into the subsurface (Alexander, 1999). The most passive in-situ 
approach, which generally requires the most time, is monitored natural attenuation, where 
the conditions are favorable enough to allow for contaminants to degrade and disperse into 
the environment before reaching receptors and/or eventually resulting in an acceptable level 
of contamination (Jørgensen et al., 2010). 
1.2.3. Containment 
If both ex-situ and in-situ remediation approaches are not feasible and too expensive and 
natural attenuation does not sufficiently protect receptors from coming into contact with 
contaminants, then another alternative is containment (Khan et al.,2004). Containment stops 
the migration of contaminants in the subsurface by the use of physical or geo-hydrological 
barriers or a combination of both (Khan et al., 2004). In other words the subsurface is not 
remediated but measures are taken to postpone the necessity for remediation (Hamby, 
1996). Physical barriers include placing vertical impermeable walls around the subsurface 
space where the contamination load is situated. This stops groundwater flowing through the 
contaminated subsurface space and therefore prevents a plume of contaminants from 
migrating. The contaminated zone can also be capped to stop precipitation infiltration. Geo-
hydrological barriers involve extracting groundwater around the contaminated zone to 
prevent the migration of a plume beyond a defined area. The extracted groundwater can then 
be treated and returned to the subsurface or surface water bodies. Containment restricts the 
redevelopment scenario possibilities in terms of using space below the contained area. It is 
possible to include vegetation above sealed zones (Chien et al., 2005). 
1.3. Decision making in brownfield redevelopment context 
 
Choosing between feasible remediation strategies requires the consideration of a range of 
variables. This together with stakeholder interests makes it a detailed and complicated 
process (Pediaditi et al., 2010). Stakeholders include the local community living around the 
site,  the real estate developer willing to fund the remediation and redevelopment, the local 
government responsible for economic development and government agencies, (such as the 
Flemish Waste Agency - OVAM) responsible for the health and safety of people on and 
around the site. Holistic decision making requires the balancing of different considerations, 
such the degree to which the site in question should be remediated, the duration of on-site 
operations during remediation and redevelopment, and the optimal land-use scenario on-site. 
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Identifying the most acceptable trade-offs can be supported with decision support methods. 
The existing approaches used for brownfield redevelopment decision making, still require 
further refinement and improvements, especially with regard to the inclusion of sustainable 
development goals. The section below explains the concept of sustainability which is 
followed by an explanation of how this is adopted in decision support methods and how this 
fits into the context of brownfield redevelopment. 
2. Sustainability 
 
Stakeholders such as the site-owner, the redeveloper and the regulator need to decide on 
the appropriate pollution management and remediation strategy. The decision is based on 
the desired future land-use scenario on-site, the preferred remediation time frame and the 
financial costs and feasibility of the available remediation alternatives (Holland et al., 2013). 
Some remediation technologies and measures also entail secondary environmental impacts 
such as the emission of sulfur oxides (SOx), nitrogen oxides (NOx) and particulate matter 
due to the combustion of fossil fuels during on-site operations (Diamond et al., 1999). 
Therefore in removing the contamination risk from the subsurface, aerosol compounds are 
emitted into the local atmosphere that are harmful to people on and around the site. 
Redevelopment scenarios may also bring about unwanted social problems in the future, 
where the on-site land-use does not serve the needs of the local community (Wedding and 
Crawford-Brown, 2007). The goal of considering sustainability is to avoid removing the 
problems associated with idle brownfields and simply replacing them with other unwanted 
problems. Some problems are unavoidable and therefore evaluation methods should 
explicitly, reflect the necessary trade-offs that alternative courses of action entail (Morrison-
Saunders and Pope, 2013). In this sense sustainability assessment is an approach to 
considering the implications of different courses of action from the remediation operations 
through to the eventual re-occupation of the site. 
 
The word “sustainable” originates from the Latin words sus and tenure referring to up and 
hold (Theis and Tomkin, 2015). ‘Sustainable’ used in the contemporary context is a concept 
that refers to developments in products and services that are either improvements on the 
status quo with regard their environmental, social and economic impacts or that can be 
sustained in the long-run (Gibson, 2006; Bjørn et al., 2015). Current academic discussions in 
sustainability science advocate shifting the quantification of the term sustainability from a 
broad definition that encompasses incremental improvements to a concept of an absolute 
measure of sustainability (Bjørn et al., 2015; Weidema and Brandão, 2015; Hauschild, 2015; 
Fang et al., 2015). The original definition stems from the Brundtland report titled “Our 
Common future”, advocating achieving sufficient and equitable economic development 
globally without hindering future generations or creating new problems for future generations 
(UNWCED, 1987).The definition, although vague, refers to meeting the needs of the present 
generation without inhibiting future generations from doing the same (UNWCED, 1987). The 
focus in this definition is on ensuring economic development and equity globally without 
excluding developing nations and doing so in a manner which does not jeopardize the 
interests of future generations globally. The ultimate goal of sustainable development is 
therefore to ensure humanity is provided the opportunity to prosper into the future without 
being hindered by adversity brought about by the destruction of the environment in the 
present. Changes in the state of the environment are the starting point of sustainability 
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considerations and such changes are relevant if they end with impacts to humanity (Williams 
and Millington, 2004). 
 
Competing schools of thought such as deep ecology seek to protect the natural environment 
for its own intrinsic value (Jacob, 1994; Mebratu, 1998). The predominant paradigm, 
however, supports preserving the natural environment for its instrumental value to 
humankind. Any discussion of sustainability is only relevant in terms of its consequences for 
people. The goal is therefore to understand the influence of anthropogenic changes in the 
environment from an anthropocentric perspective (Jacob, 1994; Williams and Millington, 
2004).Two, more detailed concepts, have been introduced since the Bruntland report, which 
allow sustainability consideration to be operationalized and provide for an understanding of 
what “is” and “is not” sustainable.  
2.1. Triple bottom line and balancing the pillars of sustainability 
The most widely adopted conception of sustainability at present is in balancing the triple 
bottom line (Elkington, 2004). The concept was introduced by Elkington (2004) who 
encouraged business enterprises not to focus exclusively on profit when it entails costs to 
other areas of society. The concept has been adopted in other fields and is used to make 
sure that trade-offs between impacts are acceptable and that a chosen solution to a problem 
doesn’t simply shift the burden of the problem from the environment to society or the 
economy (see Figure 1-1). What seems to be missing from the triple bottom line, particularly 
in the context of sustainable brownfield management, are long-term intergenerational 
considerations (Gibson, 2006; Bond and Morrison-Saunders, 2011; Morrison-Saunders and 
Pope, 2013). This is also a general problem for environmental impact assessment 
approaches that seek to balance impacts in the immediate and short-term (Bond and 
Morison Saunders, 2011; Morison-Saunders and Pope, 2013) 
 
Figure 1-1: Elkington's (2004) concept of the ‘triple bottom line’ or ‘pillars of sustainability’ in 
which the interactions between the various domains occur and problems are shifted from one 
domain to another. 
2.2. Carrying capacity model of sustainability  
The other concept, which is very popular in contemporary scientific discussions about 
sustainability at present, is that of avoiding catastrophic events brought about by humanity’s 
influence on the natural environmental and the earth’s systems regulating capacity 
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(Rockström et al., 2009; Steffen et al., 2015). The concept refers to the earth’s carrying 
capacity which will be exceeded due to the driving forces of exponential human population 
growth and the increasing affluence and material consumption of people in the developing 
world. Rockström et al. (2009) identify 9 planetary boundaries that should not be exceeded if 
we are to avoid such catastrophes. The boundaries represent the earth’s natural regulatory 
capacity and resilience thresholds, beyond which shocks to systems cannot be absorbed and 
homeostasis cannot be maintained. These include climate change, biodiversity loss, reactive 
nitrogen and phosphorus loading, stratospheric ozone depletion, freshwater resource 
depletion, ocean acidification, land-use change, chemical pollution, and atmospheric aerosol 
loading (See Figure 1-2). According to Rockström et al. (2009) the climate change, 
biodiversity loss and reactive nitrogen loading boundaries have already been exceeded 
(Figure 1-2). At present there is no clearly understood threshold for synthetic chemical 
pollution and atmospheric aerosol loading. It is assumed that at a certain point the saturation 
of the environment with synthetic chemicals and aerosols will be detrimental to human health 
and the health of ecosystems alike. The thresholds are presented as “distances to target” 
and suggest that humanity can cause a defined amount of damage within a certain time 
frame without bringing about catastrophic events (Rockström et al., 2009; Steffen et al., 
2015).  
 
Figure 1-2: Rockström et al. (2009) planetary boundary illustration representing the extent to 
which earth’s systems’ carrying capacities have been exceeded. The inner green shading 
represents the proposed safe operating space for nine planetary systems. The red wedges 
represent an estimate of the current position for each variable. The boundaries in three 
systems (rate of biodiversity loss, climate change and human interference with the nitrogen 
cycle), have already been exceeded. 
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2.3. Relevance to brownfield management problems  
Both concepts are useful to sustainable brownfield decision making. The triple bottom line is 
the basis for the existing tools and frameworks in sustainable brownfield management 
(SuRF-UK, 2011). From this perspective, social impacts and economic costs need to be 
considered together with secondary environmental impacts. Remediation and redevelopment 
is not inherently sustainable and therefore trade-offs need to be assessed. What is still 
missing is an understanding of how exactly the social and economic impacts should be 
quantified. At present, qualitative estimates are used to assess social impacts and the 
economic impacts that are considered are limited to the financial costs of remediation for the 
problem owner (Beames et al., 2014). 
 
With regard to the carrying capacity model, brownfield redevelopment decisions affect all of 
the planetary boundaries either directly or indirectly. Certain remediation technologies 
generate emissions that contribute to climate change and atmospheric aerosol loading. 
Responsible brownfields management can be an important mitigating factor in urban sprawl 
and therefore contribute to the avoidance of land-use change. The eventual design of the site 
can foster ecosystems as a mitigating factor against biodiversity loss from urban expansion. 
Removing contaminants from the subsurface can be viewed as reducing synthetic chemicals 
in the environment, which is a planetary boundary that is not yet fully understood. Apart from 
the specific planetary boundaries defined by Rockström et al. (2009), the approach to a 
quantitative measure of sustainability is also useful in the brownfield management context 
and is an approach that can serve as a basis for additional quantitative assessment 
methods. 
3. Sustainability and Integrated Impact Assessment  
Sustainability Assessment is a broad and holistic approach that allows decision makers to 
determine the extent to which a course of action is aligned with the goal of a more 
sustainable society. In its broadest sense a sustainability assessment is “any process that 
directs decision-making towards sustainability” (Bond and Morrison-Saunders, 2011; Hacking 
and Guthrie, 2008). It is important to note that the results of sustainability assessments are 
not absolute measures of sustainability and rather compare the trade-offs brought about by 
different choices of action (Pope et al., 2004). 
 
Sustainability Assessment Decision Support Systems (DSSs) consider the interactions 
between nature and society at both the local and global scale and in the short and long-term 
making the necessary trade-offs explicit (Ness et al., 2007; Singh et al., 2012; Bond and 
Morrison-Saunders, 2011). The DSSs can be used to compare alternatives or to evaluate a 
single course of action in comparison to a baseline status quo. The DSSs consist of a range 
of indicators which represent the various impacts that need to be considered. Indicators are 
observable characteristics that can be measured or valued as a means of accounting for 
important impacts. The results of the individual indicators in a DSS can be aggregated to 
derive a final result (Gibson, 2006; Ness et al., 2007). Since different indicators measure 
different characteristics using different scales, deriving a single combined or overall result 
may require the individual indicators to be standardized. It may be necessary to prioritize 
certain indicators over others, where the impacts they represent are more important and this 
can be achieved with weighting (Figueira et al., 2005).  
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Various aggregation techniques exist that perform the standardization, weighting and 
summation of indicators in different ways. In Multi-criteria analysis (MCA), for example, the 
linear additive model is an example of an aggregation technique which can use the Analytical 
Hierarchy Process (AHP) for attributing weights and scores to criteria. AHP is usually applied 
when trade-offs need to be made between different tangible and intangible criteria (Saaty, 
2008). Or in other words when there is a range of different indicator results that are not 
directly comparable. AHP allows the decision maker to apply a weight to the different 
indicators which is based on a ranking procedure called pairwise comparison. Pairwise 
comparison, as the name suggests, allows experts to make binary ranking judgements for 
two indicators at a time. All the indicators in the assessment are compared this way and 
prioritized against each other. From the pairwise comparison matrix, a priority scale is 
derived which is used to weight the different indicators. 
 
Another aggregation technique is Normalization which allows impacts presented as absolute 
values (e.g. tons of carbon dioxide emitted) to be divided by the impact from a reference 
scenario (e.g. average carbon dioxide emitted per household per year). The normalized 
impact therefore reflects the magnitude of the impact with reference to a standard scale. If a 
range of indicators are normalized to the same scale (e.g. per household equivalents per 
year or per person per year as in Life-cycle Impact Assessment), the normalized results of 
the different indicators are then comparable. Aggregation techniques are particularly useful in 
the sustainability assessment context because they allow impacts from the different 
dimensions of sustainability, both tangible and intangible, to be combined into an overall 
result. 
 
The sustainability assessment methods evaluated in this research (Chapter 2) are based on 
existing integrated impact assessment methods. Figure 1-3, from Sala et al. (2015), shows a 
range of different integrated impact assessment methods and the extent to which they 
integrate impacts in different environmental compartments as well as the extent to which they 
integrate social impacts and economic impacts. ‘Integration’ is represented as a spectrum 
from single compartment and single dimensions methods in the center to specific 
sustainability assessment methods on the right hand-side. On the left hand-side of the figure 
are general decision support methods, such as Multi-criteria Analysis (MCA) and Cost-
Benefit Analysis (CBA). The extent to which MCA and CBA integrate different environmental 
compartments and the dimensions of sustainability, can vary and therefore MCA and CBA 
should not necessarily be considered as less integrated than the methods in the center and 
right of the scale. The MCA and CBA methods are included simply to illustrate that there are 
more generic methods that can be applied in the sustainability assessment context. The 
methods relevant to the research in this thesis are explained below and arranged according 
to the schedule. 
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Figure 1-3: Categorization scheme for the “integratedness” of sustainability assessment 
methodologies by Scala et al., (2015). In the center are methods specifically used under the 
broad definition of sustainability that either only focus on a single compartment or focus on a 
single pillar of sustainability. The decision methods on the right side of the range, integrate 
the three pillars of sustainability. The general methods on the left are not specifically for 
sustainability assessment but can be applied as such with varying degrees of 
“integratedness”. The original diagram is included as Figure A1-1 in the Appendixes. 
3.1. General Decision Support Methods 
3.1.1. MCA 
 
Multi-criteria analysis or multi-criteria decision analysis normalizes different criteria in a single 
framework in order to determine an overall result. A normalization method is used to make 
the criteria comparable and usually involves using a multiplication factor that converts 
impacts to a standard scale. Different criteria can also be weighted according to their 
importance. AHP is an example of how weights can be assigned to criteria in MCA based on 
expert knowledge (Saaty, 1989). 
3.1.2. CBA 
CBA requires that all impacts are converted into monetary values which can be based on the 
market values of mitigation measures or people’s willingness to pay or accept an impact 
(Mishan and Quah, 2007). The monetary equivalent of each impact can be added together to 
determine an overall cost or benefit of a chosen course of action. CBA differs from MCA by 
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the weight of an impact being implicitly accounted for in its monetary value. Weighting in 
MCA, on the other hand, requires the end user or users to explicitly attribute weights to 
different impacts (Figueira et al., 2005).  
3.2. Bio-physical (Environmental) Methods  
3.2.1. Single Compartment Methods 
3.2.1.1. Carbon footprint 
The most common footprint method is the carbon footprint (Weidema et al., 2008; Laurent et 
al., 2012). The carbon footprint is relatively straight forward since other emissions which also 
contribute to radiative forcing can be converted to their carbon dioxide (CO2) equivalent with 
a simple multiplication factor. Radiative forcing is also straight forward in the sense that any 
contribution to CO2 emissions contributes to the global phenomenon as opposed to causing 
impacts locally. Global carbon emissions are not spatially differentiated, however, the 
impacts of eventual climate changes will affect some parts of the planet more negatively than 
others. Therefore the carbon footprint is a mid-point impact assessment method and impacts 
of climate change would be an end-point impact assessment. The advantage of considering 
impacts at the mid-point are that this entails less uncertainty than trying to understand 
impacts at the end-point.  
3.2.1.2. Other Footprints Methods: water footprint, ecological footprint, nitrogen 
footprint 
Other common single compartment methods that are relevant to brownfield management are 
the water usage footprint, the ecological footprint and the reactive nitrogen loading footprint 
(Jenerette and Larsen, 2006; Rees and Wackernagel, 2008; Leach et al., 2012). The water-
usage footprint is an example of where the geographical occurrence of the impact is relevant 
at a local scale, since water usage in arid regions is more detrimental to the future water 
supply than in high rainfall regions. The ecological footprint (which is also used as a 
composite indicator on a regional or global scale) refers to the equivalent area of arable land 
or aquatic area required to support the practices being evaluated (Rees and Wackernagel, 
2008; Singh et al., 2012). A main challenge to the approach, as a measure of sustainability is 
that it does not account for the differences in land-use intensity that occur in different regions 
nor does it account for the economic theory of comparative advantage between regions (van 
den Bergh and Verbruggen, 1999). In other words, economies in some regions have the 
conditions and knowledge that allow them to produce goods with relatively less resources 
whereas conditions and ‘know how’ in other regions may require more resources. The 
nitrogen footprint is used to understand how nitrogen use and nitrogen conversion impact the 
environment. The end–point impact of this method is biodiversity loss due to eutrophication 
and hypoxia in the natural environment, as reactive nitrogen acts as a biological limiting 
factor. It is commonly used to compare different agricultural products (Singh and Bakshi, 
2015; Pierer et al., 2014).  
3.2.2. Integrated Environmental Assessments  
3.2.2.1. Life-cycle Assessment 
Each of the footprints described above are included in life-cycle assessment (LCA). Along 
with these impact categories, LCA also includes indicators that reflect resource depletion 
such as fossil fuel depletion and precious metals depletion. LCA is a method that is often 
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used to evaluate the environmental performance of remediation technologies in brownfield 
management decisions. LCA dates back to the 1970’s and allows decision makers to 
understand the contribution of a product or service to global environmental problems (Guinée 
et al., 2011). Life-cycle assessment, as the name suggests tracks all the emissions and 
resources used throughout a product’s life-cycle including the disposal of the product. In 
other words LCA evaluates a product ‘from cradle to grave’. The assessment consists of 4 
fundamental steps: 
 
1. Defining the goal and scope of the assessment 
2. Making a list of all environmental emissions and resources used throughout the 
life-cycle of the technology (including the disposal phase). This is called a life-
cycle inventory (LCI) 
3. Converting LCI into potential impacts. This is the life-cycle impact assessment 
(LCIA). Various standard approaches exist for this 
4. Interpreting the results and performing iterations if necessary 
 
LCA results are useful to the decision maker in two regards. Either a comparative LCA can 
be performed to compare alternative production or end-product options in terms of their 
environmental impact, or an individual product’s life-cycle can be evaluated to determine 
environmental hot-spots within the product life-cycle. In comparing products, the decision 
maker is able to determine which alternatives have a smaller overall environmental impact. 
When focusing on an individual product, the decision maker is able to identify areas in the 
life-cycle which could be improved to minimize the environmental impact. With regard to 
brownfield management, LCA would allow the most environmentally optimal alternatives to 
be identified and determine which processes in the application of the remediation technology 
could be improved to reduce its overall environmental impact. 
 
Life-cycle impact assessment (LCIA) is applied in LCA to understand the implications for the 
environment of the materials used and emission generated. Various impact assessment 
methods exist all of which normalize impacts according to average citizen contributions 
annually. The normalized results allow different impact categories or footprints to be 
compared. It is also intended to provide a reference to the scale of the contribution. So for 
example tons of CO2 emitted, tons of precious metals used and area of arable land occupied 
are individually multiplied by a factor that reflects the equivalent number of the average 
person’s consumption of those resources and emissions within a year.  
 
At present these results are used to make claims about products being “more sustainable”. 
Comparisons that show an incremental improvement in a product are also labelled as 
sustainable. Bjørn et al., (2015) and Bjørn and Hauschild (2015) have tried to align 
environmental impact assessment reference thresholds with the planetary boundaries 
discussed by Rockström  et al.(2009) and Steffen et al. (2015). Therefore improvements in 
the status quo of products and services are not simply normalized according to society’s 
background contributions and instead reflect the contribution towards transgressing planetary 
boundaries. Bjørn and Hauschild (2015) argue that the existing approaches are sufficient in 
as far as determining which alternative contributes least to environmental damage but that 
they do not reflect the extent to which the alternatives are actually sustainable. The premise 
being that in order for a technology, product or service to be sustainable, it should not 
contribute to the transgression of planetary boundaries as defined by Rockström  
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(2009)(Bjørn and Hauschild 2015). Since it would be impossible for most products to meet 
this requirement, Bjørn and Hauschild (2015) operationalized their alternative approach by 
dividing the remaining resources and potential damage that can occur before planetary 
boundaries are reached, by the global population and a time horizon of a century. Therefore 
every world citizen is allocated a certain degree of environmental damage or resource use 
within the next hundred years. This approach has not yet been applied in either the 
brownfield remediation or redevelopment context; however it would be useful to 
understanding the value of brownfield land resources with regard to the regional depletion of 
rural and peri-urban zones. If land impacts are normalized according to what an average 
citizen inhabits annually, which is the standard LCA approach, then it is not clear to what 
extent introducing a brownfield space into the regional supply is mitigating this problem. 
Bjørn and Hauschild’s (2015) approach avoids this problem although there remains a 
fundamental problem in their approach. What actually remains of the gap between our 
present resource use and contribution and the planetary boundary is not accounted for. 
Instead the impact of the product or technology is simply evaluated with reference to the 
global distance to target. 
3.2.2.2. Environmental Impact Assessment 
Environmental impact assessment (EIA) is the process of determining the likely 
environmental of potential governmental policy changes, introduction of new legislation, 
programs or infrastructural development projects (Pope et al., 2004). An EIA can be carried 
out at the national, regional and local authority level and allows decision makes to better 
understand the consequences of alternative courses of action (Pediaditi el al., 2006). In the 
context of local engineering projects and for example brownfield redevelopment, the 
standard EIA approach seeks to identify and minimize negative impacts. EIA on this scale 
tends to focus on direct impacts within the local vicinity and contributions to global 
environmental problems and sustainability concerns are generally not considered (Ness et 
al., 2007). 
3.2.2.3. Strategic Environmental Assessment 
Strategic Environmental Assessment (SEA) is a slightly different approach which is intended 
to ensure that a chosen course of action is aligned with broader environmental policy 
objectives and sustainability concerns (Pediaditi et al., 2006; Morrison-Saunders and Pope, 
2013). Like EIA, SEA results are also derived from the aggregation of indicators that either 
compares scenarios to one another or to a baseline scenario (Morrison-Saunders and Pope, 
2013). 
3.3. Economic Methods 
3.3.1. Life–cycle costing (LCC) 
Life-cycle costing (LCC) is a branch of life-cycle thinking that reflects the total financial costs 
of a product or asset from a microeconomic perspective. Costs are defined as real monetary 
flows (Hunkeler et al., 2008). LCC actually preceded LCA and was developed in 1933 
(Settanni, 2008; Heijungs et al., 2013). The concept can also be extended to include indirect 
costs and externalities as long as they are internalized within the time horizon considered by 
the scope of the assessment. A key distinction between LCA and LCC is the focus on the 
scale of impacts and costs. Where LCA looks at the contribution to global impacts, LCC is 
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concerned with the cost to the product owner and others involved in the life-cycle of the 
product and not its contribution to the global economy or environmental problems. 
3.3.2. Ecosystem Service Valuation 
Ecosystem service valuation is not a method included in the original diagram from Sala et al., 
(2015) but has been included here under economic methods. The ecosystem services (ESS) 
concept is closely aligned with the planetary boundary concept of Rockström et al. (2009) 
and translates the ‘products and services’ derived from natural systems into their economic 
value to society. According the Millennium Ecosystem Assessment, 60% of the earths’ 
natural systems capital is being degraded due to unsustainable human practices (Board, 
2005). Natural capital includes, among others, fresh water reserves, air and water purification 
capacity, and the regulation of regional and local climates, natural hazards, and pests (Butler 
et al., 2003). The concept also underlines how the costs of restoring natural systems and 
mitigating the impacts that occur due to their degradation are not equally distributed across 
the planet and across present and future generations. The concept is relevant to 
understanding the contribution of brownfield redevelopment to mitigating the transgression of 
natural systems boundaries, as well as how valuable services on-site are to local residents. 
ESS valuation can also be included in CBA in order to account for non-market goods and 
services. 
3.4. Social Methods 
3.4.1. Social life-cycle assessment 
Social life-cycle assessment (SLCA) is another variation on the LCA theme, and unlike LCA, 
SLCA is semi-qualitative and includes a broad range of indicators. The indicators determine 
the degree to which stakeholders in the product or service life-cycle are exploited and the 
degree to which the product or service brings about positive local economic developments 
(Jørgensen et al., 2008; Finkbeiner et al., 2010). The questions that SLCA can address are 
most relevant to countries in which labor rights are not upheld and where large disparities 
exist between different socio-economic groups.   
3.4.2. Social Impact Assessment 
‘Social impacts’ are changes in the well-being of people and communities that are caused by 
a given choice of action or policy (Vanclay, 2003). In the context of remediation and 
redevelopment of contaminated sites, social impacts are experienced primarily by those 
living around the site. The impacts can occur both during the operational phases of the 
remediation and/or redevelopment and after project completion once the site is re-occupied. 
In other words, social impacts occur throughout the project and as a result of the eventual 
land-use scenario. Social impacts overlap with economic impacts in terms of affecting the 
well-being of local community members. Economic impacts can be defined as the direct and 
indirect financial implications of a given choice of action for the site owner, broader 
community and other stakeholders. The focus of the social aspect is on the change in well-
being and does not necessarily involve monetary transactions (Vanclay, 2003).  
3.5. Integrated Sustainability Assessment 
3.5.1. Life-cycle Sustainability Assessment 
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LCA, LCC and SLCA can be combined in performing a life-cycle sustainability assessment 
(LCSA). LCSA is a recently introduced concept (2008) for which an aggregation technique 
does not yet exist (Klöpffer, 2008; UNEP/SETAC, 2011). LCSA is an example of a method 
specifically for sustainability assessment in which the triple bottom line is integrated. 
 
The existing brownfield redevelopment and soil and groundwater remediation sustainability 
assessment methods draw on elements of the methods described above and can be 
categorized on the right side of Figure 1-3.  In order to improve these brownfield specific 
methods, it is necessary to look at how the single dimension methods themselves, such as 
LCA, Social Impact Assessment and Ecosystem Service Valuation, have been applied in the 
brownfield context and how they can be improved. These improvements can serve as a 
foundation for more holistic methods. 
4. Sustainability Assessment Tools for Brownfield Redevelopment 
 
The most relevant tools for assessing brownfield management decisions are applied at 
individual local case scales and are case specific (Bleicher and Gross, 2010; Schädler et al., 
2012). In order to support decision making in the process of brownfield management 
planning, they should be performed ex ante. They should consider both spatial impacts and 
impacts associated with the use of materials and the production of emissions. There are a 
number of areas in which existing approaches can be improved. The existing soil and 
groundwater remediation sustainability assessment tools evaluated in the thesis research 
incorporate elements of life-cycle assessment (LCA) but are not consistent in the boundary 
conditions applied to different technologies (Beames et al., 2014). Nor do existing 
approaches consider the opportunity cost of untapped brownfield resources. This opportunity 
cost is especially relevant to understanding the implications of large temporal variations 
between different remediation technology alternatives (Beames et al., 2015). Existing soil 
and groundwater remediation sustainability assessment approaches also mostly focus on 
global emissions and resource depletion, and neglect the consideration of how impacts vary 
spatially and impact people around a given site. A range of social and economic indicators 
exist in grey literature, such as those proposed by the United Kingdom Sustainable 
Remediation Forum (SuRF-UK) (SuRF-UK, 2011). SuRF-UK developed a comprehensive list 
of indicators specifically for evaluating the sustainability of remediation alternatives (SuRF-
UK, 2011). However, social indicators are still difficult to quantify and it is still necessary for 
the scientific community to determine how such indicators should be accounted for 
(Cappuyns, 2016). There is a need to understand how the local social impacts of brownfield 
management strategies extend into the future and whether local communities are catered for 
in terms of access to essential amenities (Wedding and Crawford-Brown, 2007). Brownfields 
also present an opportunity to deliver services to the local community while at the same time 
mitigating global environmental impacts, through fostering ecosystem services on-site. The 
application of ESS valuation has not been fully explored in the brownfield context and is 
particularly relevant to the choice of remediation approach and the appropriate soil 
remediation target (Volchko et al., 2014).   
 
The existing sustainability assessment tools specifically for brownfield redevelopment 
decision making can be divided between the tools that have been developed and applied by 
the scientific community and tools brought out by the government that problem owners are 
required to use in practice. 
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4.1. Evaluation methods developed by scientific community 
To date there are two standard evaluation approaches that can assist in considering 
sustainability in brownfield management decision making process: computer based decision 
support software tools and stakeholder engagement best practices. The Mega-site 
Management Tool (MMT) developed by Schädler et al. (2011) and DEcision Support sYstem 
for Rehabilitation of contaminated sites (DESYRE) developed by Carlon et al. (2007) are two 
examples of the software tool approach. MMT allows stakeholders to determine the optimal 
reuse scenario for large contaminated sites based on (remediation) costs, economic 
feasibility and spatial planning sustainability indicators. DESYRE uses multi-criteria decision 
analysis (MCDA) to integrate environmental, technological and contaminant risk assessment 
considerations through a spatially explicit user interface.  
 
With regard to stakeholder best practices and guidelines, various methods have been 
developed specifically for the brownfield management context. The methods allow 
“consensus-based” decision making where the local community is involved in the decision 
making process. Examples of these methods include the RESCUE Project Sustainability 
Assessment Tool (SAT) developed by Franz et al. (2006) and Redevelopment Assessment 
Framework (RAF) developed by Pediaditi et al. (2006). The focus of SAT is on how the local 
community benefits from the potential redevelopment scenarios and to what extent public 
funding can maximize public priorities in this regard. RAF is a monitoring tool and allows 
stakeholders to track the extent to which a brownfield redevelopment project meets the 
necessary criteria agreed upon by the various stakeholders in the long-term or “throughout 
the life-cycle” of the redevelopment (Pediaditi et al., 2010).  
 
In all of the examples mentioned here from both types of approaches, sustainability 
considerations are only considered with regard to redevelopment. MMT and DESYRE 
consider remediation technology selection based on-site specific conditions however the 
sustainability of the technologies is not evaluated. The stakeholder engagement methods do 
not consider remediation technology selection or the sustainability of the appropriate 
remediation technology. 
 
There is a range of soil and groundwater remediation sustainability assessment tools that 
can be applied at a brownfield scale in order to understand the implication of different 
remediation approaches, however these tools do not consider the implications of the 
technology on land-use alternatives (Beames et al., 2014). There is therefore a need to 
address the disconnect between the remediation decisions and redevelopment decisions, 
particularly in cases where passive approaches are adopted and the remediation strategy is 
integrated into the on-site design (Cundy et al., 2013).  
4.2. Evaluations methods used in Flanders 
Regulations in Flanders require that sustainability considerations be accounted for in 
remediating contaminated sites, using the Flemish Best Available Technologies Not Entailing 
Excessive Cost (BATNEEC) procedure (OVAM, 2013). Similar procedures in other countries, 
are required to be applied according to government regulations, however the scope of 
consideration in this thesis is limited to the regulatory context in Flanders. The BATNEEC 
method focuses predominantly on remediation technology evaluation although some of the 
impacts considered are relevant to redevelopment planning. In 1995 the BATNEEC method 
was introduced along with the soil decree. In 1996 the VLAREBO standards were 
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established which determine the extent to which soil contamination would require 
remediation (OVAM, 2009). The soil standards vary according to intended land-use, with the 
most stringent thresholds applying to natural areas and the least stringent standards applying 
to industrial zones. The groundwater quality standards are uniform across different land-
uses. The polluter is always accountable for the contamination but for historical 
contamination prior to 1995, remediation is only necessary if the contamination poses a risk 
to local receptors. Contamination occurring post 1995 always requires immediate 
remediation in accordance with the VLAREBO standards (OVAM, 2009). The distinction 
between contamination occurring before and post 1995 is referred to as ‘historical’ and ‘new’ 
contamination. In 2007 the Brownfield Decree was established to encourage the 
redevelopment of abandoned brownfield sites. The decree allows for brownfield convents to 
be established between real estate developers and the Flemish Public Waste Agency 
(OVAM), in which the developer is provided with the incentive of an exemption from property 
and transfer tax. OVAM also provides subsidies to support developers in infrastructure 
development necessary to make such sites accessible. 
 
The regulations require that the remediation of both historical and new contamination-sites 
be evaluated with the BATNEEC approach. The evaluation is intended to demonstrate that 
the responsible party (e.g. the site-owner) has considered the secondary environmental and 
social impacts of alternatives remediation strategies (OVAM, 2013). The procedure is 
intended to ensure that only remediation strategies that are environmentally sound, 
economically reasonable and technologically feasible are implemented (OVAM, 2013). 
 
The feasible alternatives are compared according to a set of predefined indicators using 
MCA. Some of the indicators are purely qualitative whereas others are based on quantitative 
data. Three broad impact categories are included: environmental aspects, technical and 
social aspects and financial aspects. The environmental aspects consider soil and 
groundwater quality achieved contributions to material waste and CO2 emissions. The total 
CO2 emissions of potential remediation alternatives are calculated using a carbon foot-
printing tool called the CO2 Calculator (Praamstra, 2009; OVAM, 2013) (The CO2 Calculator 
is evaluated in Chapter 2). All of the indicators in this category are quantitative. The technical 
and social aspects entail the nuisance caused by the on-site operations to the local 
community; the restrictions placed on the use of the site and local safety hazards. The 
indicators in this category are based on expert judgement and are qualitative. The financial 
aspects consider the cost of the remediation. All indicators are standardized to a score 
between 1 and 9. Each indicator has a predefined weight and altogether the weights add up 
to a total of 100 (OVAM, 2013). 
 
The current state of the science and practice shows that there is room for improvement of the 
qualitative indicators which can be brought closer to evaluation methods that quantify 
impacts. The focus of the BATNEEC evaluation also reveals the focus on technology 
assessment when brownfield management decisions entail a range of other considerations 
beyond the technology selection. 
5. Research Questions and Thesis Structure 
 
The specific focus of the PhD is on improving existing sustainability assessment decision 
support tools and methods so that they provide a more accurate evaluation of sustainability 
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for brownfield remediation and redevelopment. The core research question of the thesis is 
therefore “how can sustainability assessment methods for brownfield remediation and 
redevelopment be made to be more holistic?”  The term holistic, as outlined in the previous 
sections, refers to considering secondary impacts and avoiding problem shifting from one 
environmental compartment to another, from one phase of a product life-cycle to another and 
from one dimension of sustainability to another. Holistic also refers to an assessment being 
inclusive and considering all stakeholders impacted by a choice of action. 
 
In showing how brownfield remediation and redevelopment decision making can be made 
more holistic, the thesis meets two core objectives. Firstly, the knowledge generated bridges 
the gap between the siloed triple bottom line perspective that is widely adopted at present 
and more integrated systems thinking approaches. Secondly, the suggested improvements 
to existing tools and the development of new methods provide a foundation for integrating 
remediation technology selection and eventual redevelopment scenario design decisions. 
The necessary steps taken to bridge these gaps are defined in the following sub-questions. 
 
1. To what extent are existing tools aligned with the philosophy and broadness of 
sustainable development?  Are different alternatives compared fairly and holistically? 
The second chapter of the thesis addresses this specific research question by 
applying a selection of existing approaches to a brownfield redevelopment case 
study. The tool assessment procedures and indicators are examined and compared 
to the indicators deemed to be essential by sustainable remediation forums such as 
SuRF-UK (2011). The research shows how the indicator sets and aggregation 
techniques in existing tools influence the results. The general consensus concerning 
what constitutes important indicators in sustainable remediation forums is compared 
to what is actually considered in existing tools. The review research highlights the 
methodological inconsistencies and problem areas in the tools. The Petroleum-
Zuid/Blue Gate site just south of Antwerp city was used as a case study and each of 
the tools were applied to the potential remediation strategies for the site. 
 
2. How can life-cycle assessment be adjusted to fit the brownfield remediation context? 
How should the societal cost of idle sites during remediation be accounted for? 
Brownfield remediation requires not only financial resources but also environmental 
resources that are consumed at the opportunity cost of other uses. Brownfields can 
be viewed as untapped land resources and often remain idle due to the potentially 
high financial costs of remediation. Certain remediation processes also generate 
unwanted secondary impacts which may, from a sustainable development 
perspective, be a greater cost than a benefit to society. Again the results of the 
sustainability assessment methods are dependent on how the method is structured 
and whether the necessary trade-offs are explicitly understood. The third chapter 
proposes an amendment to the existing impact assessment methods used in life-
cycle assessment that allows land to be valued as a resource along with the other 
important environmental impact categories in life-cycle assessment.  Existing 
approaches consider land-use impacts across the life-cycle impact chain in terms of 
ecosystem damage. In an urban context, land is also valuable as a resource in itself. 
The impact assessment amendment allows land to be considered both in terms of 
ecosystem damage and land resource value. From a sustainability perspective, the 
trade-off between the site being unavailable and the benefits of less aggressive 
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treatment alternatives is accounted for. The method amendment presents an 
example of how the potential burden of long remediation time can be taken into 
consideration and connects remediation sustainability assessment to redevelopment 
assessment. The SRI-Biochim brownfield in Vilvoorde-Machelen, north of Brussels, 
was used as a case study in which various remediation technologies have been 
piloted and there is need to understand the implications of the full scale application of 
the various alternatives. 
 
3. How can we make social impact considerations more inclusive especially in terms of 
accounting for the intended reuse of a brownfield?  The preceding chapter (Chapter 3 
– described above) shows how brownfield land can be considered as a resource in 
terms of urban space in life-cycle assessment. Doing so allows the user to determine 
the trade-off between the environmental costs of remediation and the potential benefit 
to society of the freed on-site space. Maximizing the societal benefit of the land 
resource, however, requires the additional consideration of how the redeveloped site 
provides services to the local community. The fourth chapter presents the 
development of a spatially explicit social impact assessment method for 
optimizing brownfield redevelopment scenarios. The indicators included in existing 
tools consider stakeholder preferences in terms of the use of green building principles 
and to a lesser extent the accessibility to amenities. The method allows for a 
comparison of scenarios in terms of travel distance to necessary social amenities. 
The method was applied to the idle Alvat brownfield site in Buggenhout, East 
Flanders. 
 
4. What other factors beyond amenities on-site should be considered in maximizing the 
benefit of a redeveloped brownfield? How should nature-based solutions, green 
infrastructure and green buffer zones be evaluated in brownfield redevelopment 
scenarios? What are the non-market benefits of ecosystem services on redeveloped 
sites and the local community?  Brownfield redevelopment provides the opportunity 
for allowing urban development to contribute to the mitigation of earth system 
destruction from a global perspective by fostering ecosystems services on-site. 
Nature-based solutions address a specific societal challenge by employing natural 
processes and therefore present an alternative to conventional hard engineering 
solutions. According to the European Commission, nature-based solutions are either 
supported or inspired by nature, are cost-effective and provide for resilience by 
balancing the triple bottom-line (European Commission Directorate-General for 
Research and Innovation, 2016). The fifth chapter applies existing methods for the 
economic valuation of vegetated spaces in redevelopment scenario design 
context. The combined methods assess the non-market economic value of the 
different nature-based solutions used in the urban environment. The combined 
methods were applied to the Blue Gate/Petroleum Zuid brownfield redevelopment, 
south of Antwerp city where three nature-based solutions will be adopted to manage 
surface run-off. The results reflect the benefit to society of using nature-based 
solutions of managing surface run-off with vegetated space as well as the additional 
benefits of noise reduction, aerosol pollution mitigation, local climate regulation, 
carbon sequestration and recreational opportunities provided to local residents.  
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Chapter 2: Sustainability Appraisal Tools for Soil and Groundwater 
Remediation: How is the choice of remediation alternative influenced by 
different sets of sustainability indicators and tool assessment procedures? 
 
The chapter is based on the publication:  
Beames, A., Broekx, S., Lookman, R., Touchant, K., & Seuntjens, P. (2014). Sustainability 
appraisal tools for soil and groundwater remediation: How is the choice of remediation 
alternative influenced by different sets of sustainability indicators and tool structures? 
Science of The Total Environment, 470-471, 954-966. 
The state-of-the-science in sustainability assessment of soil and groundwater remediation is 
evaluated with the application of four decision support systems (DSSs) to a large-scale 
brownfield revitalization case study. The DSSs were used to perform sustainability appraisals 
of four technically feasible remediation alternatives proposed for the site.  
 
The first stage of the tool comparison presents the scope of each tool’s sustainability 
indicators, how these indicators are measured and how the tools differ in terms of 
standardization and weighting procedures. The second stage of the comparison focuses on 
the outputs from the tools and determines the key factors that result in differing results 
between tools.  
 
The evaluation of indicator sets and tool assessment procedures explains why the tools 
generate differing results. Not all crucial impact areas, as identified by sustainable 
remediation forums such as SuRF-UK, NICOLE and the EURODEMO+ Network, are 
thoroughly considered by the tools, particularly with regard to the social and economic 
aspects of sustainability (SuRF-UK, 2011, NICOLE, 2013, EURODEMO+ Network, 2006). 
Variations in boundary conditions defined between technologies, produce distorted 
environmental impact results, especially when in-situ and ex-situ technologies are compared. 
The comparison of tools draws attention to the need for end users to be aware of which 
aspects of sustainability are considered, how the aspects are measured and how all aspects 
are ultimately balanced in the evaluation of potential remediation strategies. Existing tools 
can be improved by considering different technologies within the same boundary conditions 
and by expanding indicators sets to include indicators deemed to be relevant by remediation 
forums. 
1. Introduction 
Soil and groundwater remediation is primarily intended to reduce and manage the risks to 
humans and ecosystems posed by contaminated sites, therefore bringing about positive 
environmental changes that are beneficial to society. Determining the most appropriate 
course of action when faced with soil or groundwater contamination requires the 
consideration of technologies or approaches that can feasibly remove the contamination to 
the required target level within project-defined time and cost constraints. An additional set of 
criteria based on the principle of ‘sustainable development’ has recently given rise to the 
discourse on ‘sustainable remediation’, with the intention of not only reducing the risk posed 
by soil and groundwater contamination but doing so in a way which brings about a net benefit 
in terms of broader environmental, social and economic impacts (SuRF-UK, 2010). 
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Decision support systems (DSSs) provide for a structured method of comparing alternative 
courses of action that differ in terms of their impacts across a range of impact areas 
(Matthies et al., 2007). The existing sustainability assessment DSSs for soil and groundwater 
remediation can be classified into two broad types. The first and most common type of tool 
was previously referred to as a “sustainability appraisal” DSS (Pollard et al., 1999; Sullivan, 
2002), the second broad type will be discussed in the following paragraph. A sustainability 
appraisal DSS, referred to here as a sustainable technology appraisal DSS, is used to 
identify the most sustainable remediation technology alternative out of the feasible 
alternatives. Once feasible technology alternatives have been identified, sustainability criteria 
such as CO2 emissions, energy consumption and water consumption, can then be compared 
against the financial costs of the feasible options. Sustainable technology appraisal DSSs 
facilitate this comparison. There are many examples of appraisal DSSs for soil and 
groundwater remediation. Some DSSs support the first step only, identifying feasible 
technologies according to site characteristics, geo-hydrological conditions and the nature of 
the contamination. Examples include PRESTO and BOSS (Agostini et al., 2009; Onwubuya 
et al., 2009). Other tools such as the ABC-Tool calculate the costs of different feasible 
technology options according to site-specific data, such as degree of contamination, 
remediation target level, type of contaminants and geo-hydrological conditions (Maring et al., 
2004). 
 
In the last 5 years, there has been a shift towards the development of another kind of 
sustainability assessment tool that facilitates other parts of the remediation decision process 
(Carlon et al., 2007). This second broad type of DSS considers the social and economic 
impacts associated with the eventual site re-use and is intended for large scale remediation 
and redevelopment projects or brownfield revitalization. This second type of tool is here 
referred to here as sustainable site redevelopment appraisal DSSs. MMT (Mega-site 
Management Tool) and DESYRE (DEcision Support sYstem for the REhabilitation of 
contaminated sites) are two examples of this newer and broader type of tool developed to 
facilitate the various planning phases of large-scale remediation projects. Sustainable site 
redevelopment appraisal DSSs, consist of individual modules for performing a site 
characterization, identifying feasible alternatives and evaluating the spatial planning needs of 
people on-site (Carlon et al., 2007; Schädler et al., 2011, 2012, 2013). Such tools are 
innovative in that they integrate different steps of the remediation planning process and 
consider social and economic impacts of eventual site re-occupation. Another tool that does 
not integrate these different steps but assists in the spatial planning process is the SBR Tool 
(Sustainable Brownfields Redevelopment Tool) (Wedding and Crawford-Brown, 2007). SBR 
is a multi-attribute decision method (MADM) based tool that can be used to balance different 
land-use criteria for brownfield redevelopment projects. To date, these sustainable site 
redevelopment appraisal DSSs do not consider social, economic and environmental impacts 
caused during the remediation process and only consider the impacts of the eventual site re-
use. Therefore sustainable technology appraisal DSSs and sustainable site redevelopment 
appraisal DSSs consider sustainability aspects of two different steps in the brownfield 
revitalization planning process. There is however a certain degree of overlap between the 
tool types, in that some sustainable technology appraisal DSSs include indicators that 
account for the eventual land-use on-site. A combination of both types of tools would allow 
for a holistic evaluation of entire redevelopment scenarios from remediation technology used 
through to site reoccupation. 
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Both types of tools determine the degree to which different alternatives are sustainable 
based on indicators. Indicators are observable characteristics or impacts that can be 
measured or valued in determining the performance of alternatives according to the criteria in 
question (Bardos, 2013). Existing reviews of sustainable technology appraisal tools for soil 
and groundwater remediation have not addressed 1) how indicator selection and tool 
structure influence outputs; and 2) whether all impact areas and criteria relevant to 
remediation technology selection are considered (Agostini et al., 2009; Brinkhoff, 2011; 
Cappuyns, 2013; Onwubuya et al., 2009; Pediaditi et al., 2010; SuRF-UK, 2009; US Air 
Force and US EPA, 2013). The research here focuses on how a selection of available 
sustainable technology appraisal DSSs accounts for sustainability aspects during and after 
the remediation process and how the expanded system boundaries of certain tools influence 
the evaluation of alternatives. Particular attention is paid to how boundary conditions vary 
between technologies and how indicators are measured and weighted in determining final 
results. The research therefore highlights the degree to which commonly used sustainability 
technology appraisal DSSs account for the relevant impact areas and the difficulties 
associated with broadening the scope of consideration to also include post remediation land-
use impacts. The tool selection does not include sustainable site redevelopment appraisal 
DSSs since the focus of the research is on aligning the practice of sustainable remediation 
technology selection with what is prescribed in sustainable remediation forums such as the 
SuRF-UK. 
 
The differences in indicator sets between the tools and how indicators are aggregated will be 
explained in Stage 1 of Results. Stage 2 of Results describes the outputs generated by the 
tools when applied to the same case study, “Petroleum Zuid”, Antwerp, and explains why the 
outputs differ. The factors that account for the greatest variation between the outputs are 
identified and recommendations are made as to possible future research directions regarding 
sustainability assessment DSSs for soil and groundwater remediation. 
2. Material and Methods 
The selection of sustainability appraisal tools represents a range of examples that are 
available to remediation stakeholders and decision makers. The selection is compared and 
applied to a case study with different remediation alternatives. Each tool in the selection is 
based on slightly different assessment methods and each includes different sets of 
indicators.  
 
During the time at which this research was performed, 6 tools were available for research 
purposes, 5 of which were specifically for technology sustainability appraisal (CO2 Calculator, 
GoldSET, REC, SRT and SiteWise) and one of which was for brownfield redevelopment 
scenario evaluation (MMT). The CO2 Calculator is not a sustainable technology appraisal 
DSS and instead performs a carbon footprint assessment of remediation alternatives. 
Therefore the scope of the CO2 Calculator is narrower than the more holistic sustainability 
appraisal DSSs. Nevertheless, it was assumed that comparing the CO2 Calculator to the 
more holistic DSSs would provide valuable insights in terms of calculation procedures and 
system boundaries, especially since the CO2 Calculator is a mandatory part of any 
remediation project plan in Flanders. SRT and SiteWise are very similar in terms of the 
scope of consideration. However SiteWise comes closer to a blank LCA platform in terms 
input data required. SRT allows for the same scope of assessment but requires far less in 
terms of input data. SRT was a better fit with the available data of the case study. GoldSET 
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is a unique tool in that it has the largest set of indicators that include a wider range of social 
indicators than any of the other available tools. The sustainability assessment module of 
MMT only considers the redevelopment design and not the impact caused by remediating a 
site. Therefore the scope of MMT is not comparable to the other tools. The final selection of 
tools for the tool comparison was (1) the CO2 Calculator (request at www.ovam.be) 
(Praamstra, 2009), (2) the Sustainable Remediation Tool (SRT) (request at 
www.afcec.af.mil) (US AFCEE, 2010), (3) the Risk Reduction, Environmental Merit and 
Costs tool (REC) (request at www.ivm.vu.nl)(Beinat et al., 1997), and (4) GoldSET (Golder 
Associates, 2012) (information about the tool can found at www.gold-set.com). 
 
The CO2 Calculator is an example of a standard environmental footprint calculator and 
considers an inventory solely focused on energy consumption and CO2 emissions. SRT and 
REC are tools with larger inventories across a range of environmental impacts that also 
account for financial costs. SRT aggregates the different criteria scores according to 
economic valuation. REC integrates different criteria scores within a multi-criteria analysis 
framework. All three publically available tools only include quantitative indicators. GoldSET is 
an example of tools used by consultants on behalf of clients and considers a broader range 
of impacts across the three pillars of sustainability, many of which are measured qualitatively. 
 
SuRF-UK has identified certain important considerations that are relevant to the eventual 
state of a remediated site, which link the choice of technology to future land-use scenario 
development. The indicator set proposed by SURF-UK is used in this research as a 
reference for comparing the indicator sets of the tools. The SuRF-UK indicators are 
categorized according to the ‘three pillars of sustainability’ or the ‘triple bottom-line’, 
consisting of environmental, economic and social impacts (SuRF-UK; 2011). The SuRF-UK 
indicator set does not, however, provide the user with a pragmatic means of measuring the 
impacts it refers to and therefore is not a ‘tool’ in itself. It rather serves as a guideline for 
performing case-specific sustainability assessments. 
2.1. Tool Description 
2.1.1. CO2 Calculator 
The CO2 Calculator was developed in 2009 by a consortium of remediation industry 
specialists, including commercial consultants and a local municipality in the Netherlands, to 
calculate the equivalent tons of CO2 emissions of remediation technology alternatives 
(Praamstra, 2009). It considers CO2 emissions throughout the full life-cycle of technology 
options. The tool performs all the necessary calculations for the user, based on specific input 
values in terms of the amount of cubic meters of soil and groundwater to be treated, specific 
technologies used and distances for equipment, material and soil to be transported. The CO2 
Calculator allows the consideration of entire technology trains consisting of multiple 
technologies and management measures. The CO2 Calculator does not distinguish between 
treatment technologies for the saturated and unsaturated zones in the subsurface and are 
therefore evaluated together. 
2.1.2.  Sustainable Remediation Tool (SRT) 
SRT was developed in 2010 by the United States Air Force and calculates energy 
consumption in megajoules and kilowatt hours, emissions in tons, financial costs in dollars, 
and risk of injury to workers. SRT also evaluates the changes in resource service of restored 
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soil and groundwater in terms of both land value and ecological functioning. The land value 
indicator is based on the increased property market value in dollars. Changes in ecological 
functioning is calculated according to land-use changes and gallons of groundwater restored 
due to plume reduction and translated into economic terms based on functions derived from 
Costanza et al. (1997)(US AFCEE, 2010). All of the indicators are based on quantitative 
metrics and like the CO2 Calculator; SRT does not require the user to perform extensive hand 
calculations (US AFCEE, 2010). SRT requires less detail in terms of inputs than the CO2 
Calculator but allows the possibility for the user to edit factors used in the calculation of 
results. The input values include the volume of soil and groundwater to be treated, the 
geophysical properties of the subsurface, land value prior to remediation and land-use after 
remediation. The default settings in SRT only include two contaminant types, chlorinated 
volatile organic carbons (CVOCs) and Benzene, Toluene, Ethylbenzene and Xylene 
compounds (BTEX) but it is possible to edit the physical properties of the contaminants 
considered to account for any organic contaminant where the physical properties are known. 
SRT does not, however, allow for the comparison of technology trains. A distinctive feature of 
SRT is that it evaluates technologies best suited for treating either the saturated and 
unsaturated zones in two separate modules. 
2.1.3. Risk Reduction, Environmental Merit and Costs (REC) 
REC was developed in 1995 (Nijhof et al., 1996) by a Dutch consortium of remediation 
industry specialists, including municipal, provincial government, academic and commercial 
partners. REC integrates three separate tools (Beinat et al., 1997): (1) a risk reduction 
module, (2) an environmental merit module and (3) a cost calculation sheet, each of which 
are entirely based on quantitative metrics. REC requires extensive detail in terms of its risk 
assessment and cost calculation module inputs. The risk assessment module requires the 
use of additional software to calculate the risk index prior to and after remediation for each 
alternative. REC allows for the consideration of technology trains and, like the CO2 
Calculator, the saturated and unsaturated zones are evaluated together. 
2.1.4. GoldSET 
GoldSET was developed in 2008 by Golder Associates, an international engineering and 
environmental services consultancy (Robert Noel-De-Tilly, Golder Associates, Canada, 
personal communication). It is used to perform sustainability appraisals of different kinds of 
large-scale engineering projects. GoldSET has a core set of quantitative indicators which 
require inputs that are similar to the other tools. Most of the evaluation in GoldSET, however, 
consists of qualitative indicators that are not included in the other tools. The indicators in 
GoldSET are derived from sustainability assessment guidelines published by the Global 
Reporting Initiative and the International Federation of Consulting Engineers (GRI, 2006; 
FIDIC, 2004) and are also categorized according to the three pillars of sustainability: 
Environmental, Social and Economic. The quantitative metrics include, Green House Gases 
(GHGs) in tons, energy consumption in gigajoules, water consumption in cubic meters, waste 
generated in tons, financial cost in dollars, duration of treatment in years. The remaining 
indicators require qualitative inputs from each of the three impact categories (see Table 2-1 
and subsection 3.1). In addition to the sustainability criteria, GoldSET includes a qualitative 
evaluation of the potential technical performance of different technology alternatives but this 
was not applied here. GoldSET allows for the consideration of technologies trains and does 
not distinguish between technologies for the saturated and unsaturated zones. 
Chapter 2: Sustainability Appraisal Tools for Soil and Groundwater Remediation: How is the choice of remediation alternative influenced by 
different sets of sustainability indicators and tool assessment procedures? 
 
24 
 
2.2. Case study: “Petroleum Zuid”, Antwerp 
The case study site details and potential remediation alternatives that were evaluated with 
the tools are described below. The particular site, Petroleum Zuid, was chosen for two main 
reasons. The first reason concerns the availability of data on the remediation plans for the 
site. The site will be remediated and redeveloped in the next 15 years and alternative 
remediation strategies have already been designed for the site. Various studies of the 
potential remediation strategies have already have been performed including an 
environmental risk assessment, remediation plan and environmental impact assessment. 
The existing studies provide sufficient data to be able to apply the tools to the case. The 
second reason is that the nature of the contamination and site geohydrology allow for more 
than one feasible alternative, unlike more complicated sites mixtures of many different kinds 
of contaminants trapped among impermeable soil layers. Appendix 2 includes an overview of 
the contamination and subsurface characteristics. 
2.2.1. Site history  
“Petroleum Zuid” is a 103 ha site situated just south of the city of Antwerp, Belgium, and runs 
along the Scheldt River. “Petroleum Zuid” is a petrochemical storage and distribution facility, 
63 ha of which is idle at present. The site is historically contaminated according Flemish 
regulation. The first set of petroleum storage tanks and infrastructure was complete in 1904 
and the site was operational as a petrochemical storage facility up until 1986 (Vermeersch 
and Acke, 2008). The 63 ha area has been cleared and is now overgrown. Figure 2-1 shows 
aerial views of the site in 1960 and at present. 
Chapter 2: Sustainability Appraisal Tools for Soil and Groundwater Remediation: How is the choice of remediation alternative influenced by 
different sets of sustainability indicators and tool assessment procedures? 
 
25 
 
 
Figure 2-1: Aerial image of “Petroleum Zuid”, 1960 (top) and at present (bottom). 
Petrochemical storage tanks have been removed and the cleared space remains idle. 
 
“Petroleum Zuid” is intended to be redeveloped, into a new goods transport hub for the city of 
Antwerp featuring an office complex and green corridor and its name will change to Blue 
Gate, Antwerp. At present the site is heavily contaminated due to the former petroleum-
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related activities and is classified according to Flemish law as historically polluted. The main 
contamination consists of petroleum hydrocarbon LNAPL (light non-aqueous phase liquids) 
above and on the groundwater table. The LNAPL is weathered and consists mostly of 
aliphatic hydrocarbons with limited volatility, water solubility and biodegradability (Mao et al., 
2009).   
2.2.2. Remediation Alternatives 
The low solubility and volatility of the contamination limits the range of feasible remediation 
alternatives. Any form of in-situ treatment would require the LNAPL to be mobilized either in 
the gas or water phase. This would be possible with the application of heat via a thermal 
treatment; however, there are clay lenses just underneath the groundwater table at 1.5 – 2.0 
m. Therefore steam injection, electric resistance heating or radio frequency heating would 
have a limited effect. Multiphase extraction also requires that the contaminants are relatively 
mobile. Finally a pump and treat alternative would also not be feasible due to the limited 
solubility of the LNAPL.  
 
Ex-situ: soil washing, biostimulation and thermal desorption  
A feasible remediation technology that would allow the site to be transformed into an office 
complex, underground parking and public green areas, within a reasonable time frame, is 
excavation of the contaminated soil from the surface layers through to the lower LNAPL 
boundary level (present on average at 2.3 m below the surface). Most of the soil would be 
treated on-site, limiting the amount of soil to be transported and treated off-site and avoiding 
the use of clean fill soil. Only soil completely saturated with LNAPL would be transported 
away from the site to a thermal soil treatment facility. The on-site cleaning of soil would 
involve soil washing and biostimulation in biopiles. The excavation plan raised the question 
of which concentration target level would be acceptable to the authorities. Two excavation 
alternatives are proposed according to two different degrees of remediation. From a risk-
based point of view, the excavation of only soil exceeding 20,000 mg/kg d.m. would be 
acceptable according to the regulatory contaminant concentration thresholds imposed by 
OVAM, allowing soil containing petroleum hydrocarbons below this concentration level to 
remain untreated. The regulatory value for industrial sites in Flanders is, however, a 1,500 
mg/kg d.m. concentration level of total petroleum hydrocarbons (C10-C40), and excavation 
to this level will be considered as a second excavation alternative for the purpose of this 
research. 
 
In-situ Thermal Desorption (ISTD) 
ISTD involves applying heat via conduction to the contaminated subsurface space, volatizing 
the contaminants which in turn are captured by vacuum extraction. The contaminated soil is 
treated where it is in the subsurface (in-situ) without having to remove or transport the soil. 
ISTD is, however, very energy intensive. It is therefore uncommon to treat sites of this size 
with ISTD as a sole remediation technology (Charles Pijls, Tauw, The Netherlands, personal 
communication). ISTD is a feasible alternative since it will heat the LNAPL, volatizing them 
as well as creating fissures in the clay layers where there is limited mobility. 
 
Monitored Natural Attenuation (MNA) 
MNA, in this case, involves monitoring the petroleum hydrocarbon concentration levels in the 
groundwater to ensure that the contaminants present in the subsurface do not pose a risk to 
receptors in the future. The LNAPL is already very weathered, poorly soluble and not volatile 
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allowing the assumption that natural processes such as biodegradation, dilution and 
dispersion will control any petroleum hydrocarbons leached to the groundwater. The 
attenuation will therefore occur very slowly, perhaps over hundreds of years. An alternative 
redevelopment scenario, that has not been considered in the site redevelopment plans, 
would be to allow for the contamination to be naturally attenuated, while the site is put back 
to use. This would require that the receptor pathway is obstructed and this could be achieved 
by covering the surface of the site with a layer of clean soil and vegetation. Alternatively, the 
site could be sealed with a concrete layer. The actual MNA alternative proposed for this site 
involves gating off the contaminated area and allowing it to remain idle for an arbitrarily 
defined period of 30 years.  Both approaches would rule out the possibility of people being 
exposed to the contaminants. 
3. Results 
3.1. Stage 1: Tool Assessment Procedures 
3.1.1. Indicator sets 
Indicators allow for impacts to be compared between alternatives (Niemeijer and de Groot, 
2008). The sustainability assessment methods in the tools are based on measuring the 
performance of alternatives according to different indicators. Individual indicators are then 
balanced against each other to determine which alternative has the best overall sustainability 
performance. Table 2-1 provides an overview of indicators included in the tools. Indicators 
recommended by SuRF-UK are included in the last column (SuRF-UK, 2011). The SuRF-UK 
indicator set consists of indicators in each of the three pillars of sustainability represented in 
Table 2-1. Table 2-1 shows the differences between the tools in terms of the indicators they 
include as well as how each tool considers impacts generated by the remediation operations 
and after remediation closure. The environmental aspect is also divided into impacts 
generated on-site and off-site since this is relevant to the discussion of appropriate system 
boundaries. The most important differences between the tools in terms of indicators 
considered are described below. 
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Table 2-1: Quantitative (X) and qualitative (O) indicators included in each tool as well as 
indicators proposed by SuRF-UK (S) and those not considered in the tools (-).The indicators 
are categorized according to the three pillars of sustainability and are also divided up 
according to whether they are related to remediation operations or site re-occupation. 
 
 
CO2 Calculator SRT REC GoldSET SuRF UK
Clean-up (during operations)
Primary energy consumed and CO2 emissions (e.g. excavation, drilling, 
groundwater extraction and purification)
X X X X S
Energy consumed and CO2 emissions produced cleaning soil on-site X - - - -
Energy consumed and CO2 emissions produced laying clean fill soil X X - - -
Other air emissions (SOX, NOX, PM10) - X X - S
Water consumption - - X X S
Waste generated on-site - - X X S
Short-term ecological impact on-site - - X O S
Energy consumed and CO2 emissions produced transporting waste soil off-
site 
X X X - S
Energy consumed and CO2 emissions produced transporting workers, 
materials and equipment
X X - - -
Energy consumed and CO2 emissions produced treating dumped water off-
site
- - X - -
Energy consumed and CO2 emissions produced  cleaning soil off-site X - - - S
Soil consumed off-site - - X - S
Waste generated off-site - - - O S
Short-term ecological impact off-site - - - O S
Soil quality - - X O S
Groundwater quality - X X O S
Surface water quality - - X O S
Erosion of contaminated soil - - X O S
Sediment quality - - - O S
Free phase product removal - - - O -
Contaminated groundwater migration - - - O S
Long-term ecological impact - X X O S
Total costs - X X X S
Net present value - - X X -
Litigation costs - - X O S
Additional costs due to delays and technology failure - - X O S
Additional costs due to logistical challenges - - X O -
Technological uncertainty on cost - X X O -
Permit and regulation related costs - - - O S
Use of financing opportunities - - - O S
Local business opportunities created - - - O -
Local employment opportunities created - - - O S
Increased economic value of area - X - - S
Reuse of property by developer - - - O S
Corporate reputation of developer - - - O S
Local business opportunities created - - - O -
Local employment opportunities created - - - O S
Workers' health and safety - X X O S
Community health and safety - - - O S
Duration of operations - - - X -
Nuisances and hindrance to community - - - O S
Legal requirements met - - - O S
Good management practices - - - O -
Ethical practices and local equity - - - - S
Site security - - - - S
Uncertainty and evidence - - - - S
Community involvement - - - - S
Soil vapour intrusion impact on human health - - X O -
Protection of potable water supply - - - O S
Preservation of historical or culturally significant buildings or space - - - O S
Public space created - - X O -
Impacts on the landscape (aesthetic) - - - O -
Key
(X) Quantitative
(O) Qualitative
(S) Proposed by SuRF-UK
(-) Not Considered
                             
                        
Site Re-use
Environmental
Economic
Social
Clean-up (during operations)
Site Re-use
On-site
Off-site
Clean-up (during operations)
Site Re-use
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3.1.2. Environmental Indicators 
This subsection will discuss each of the environmental indicators in Table 2-1 with reference 
to each tool. The specific indicators that will be described include: 
 
1) Energy and CO2 Emissions which includes excavating and transporting soil as well as 
treating soil on and/or off-site. 
2) Other air emissions which includes local emissions such as SOX, NOX, and PM10 and 
GHGs such as methane (CH4), nitrous oxide (N2O), ozone (O3), volatile organic 
compounds (VOCs) and ozone depleting substances. 
3) Soil Consumption and Waste production which includes considering soil loss off-site, due 
to clean backfill and other hazardous wastes. 
4) Ecological Impacts and Environmental Quality which includes considerations such as 
HC50 ecological risk and contaminant emissions to surface water from contaminated soil 
erosion to surface water bodies and direct discharge to surface water. 
Energy and CO2 Emissions 
The primary energy consumed on- and off-site and the CO2 emissions produced by each 
alternative are considered quantitatively across all four tools. The tools vary, however, in 
terms of exactly how total energy consumption and CO2 emissions are calculated. 
 
The CO2 Calculator is the only tool that considers energy consumed and CO2 emissions 
produced when treating excavated soil on and/or off-site. SRT and REC do account for 
the energy consumed and emissions produced in excavating and transporting soil to and 
from the site but they do not account for the energy consumed in removing the contamination 
from the excavated soil ex-situ. Soil treatment is also not mentioned in the SuRF-UK 
indicator set. 
 
GoldSET can account for soil cleaning processes, provided that the user is aware of exactly 
what should be considered and that the user has all the necessary information. The GoldSET 
energy consumption and CO2 calculation module begins with a blank inventory table that the 
user fills out by determining exactly which materials, equipment and machinery components 
are necessary for each remediation alternative as well as the energy requirements of each 
piece of equipment and how much work it will perform. GoldSET provides an inventory of 
equipment that the user can import into the inventory table. The CO2 Calculator, SRT and 
REC, all pre-define the necessary inputs for measuring energy consumption and emissions. 
The user is then only required to select the specifics of the technology alternatives from 
dropdown menus and provide the amounts of soil and groundwater to be treated.   
 
The tools account for transporting waste away from the site in terms of energy consumption 
and CO2 emissions. REC does not account for the energy consumed and CO2 emissions 
produced in transporting workers, materials and equipment to and from the site. REC is the 
only tool, however, to account for the energy consumed and CO2 emissions produced by 
wastewater treatment plants downstream in treating water that is dumped into the waste 
water system on-site. SuRF-UK includes the consideration of the disposal of waste water as 
an important consideration without linking it to energy consumed by waste water treatment 
facilities. 
 
Other air emissions 
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Other air emissions include sulfur oxides (SOX) such as sulfur dioxide and nitrogen oxides 
(NOX), such as nitric oxide, emitted due to the combustion of fossil fuels and are only 
included in SRT and REC and not in the other two tools. SRT also includes suspended 
particulate matter with a diameter of less than 10 micrometers (PM10); however, none of the 
local emissions it considers are included in the calculation of the overall final results. REC 
converts CO2, SOX and NOX into a single air emissions indicator without distinguishing 
between GHGs and local emissions. The CO2 Calculator and GoldSET are limited to only 
CO2 emissions in accounting for secondary air pollution caused by the remediation works. 
SuRF-UK makes a distinction between GHGs, which include CO2, methane (CH4), nitrous 
oxide (N2O), ozone (O3), volatile organic compounds (VOCs) and ozone depleting 
substances; and local emissions, which include SOX, NOX, PM10 and particulate matter with 
a diameter of less than 2.5 micrometers (PM2.5). SuRF-UK also suggests that local emissions 
are an important consideration with regard to human health impacts as a social indicator. 
 
Water Consumption 
Water consumption due to on-site processes is only considered in REC and GoldSET and 
both tools measure it quantitatively. GoldSET requires a straight-forward input of total cubic 
meters of water consumed by each alternative. REC calculates a water loss balance by 
accounting for groundwater extracted and consumed and water re-infiltrated back into the 
subsurface. 
 
Soil Consumption and Waste production 
‘Soil loss’ is a measure of soil resources being consumed and is distinct from the indicators 
of energy consumption and CO2 emissions brought about by recycling or cleaning previously 
excavated soil. REC is the only tool to account for soil loss off-site, due to clean backfill 
soil being brought to the site to replace the excavated soil. This indicator is only relevant if 
pristine soil is being removed from another site to be used as backfill. 
 
Waste production is also a separate indicator distinct from energy consumption and CO2 
emissions indicators related to transporting and treating waste. Both REC and GoldSET 
account for waste produced on-site by each remediation alternative quantitatively. GoldSET 
has two waste production indicators: a quantitative measure of waste produced per 
alternative and a qualitative indicator of hazardous waste produced per alternative. 
 
Ecological Impacts and Environmental Quality 
SRT has an indicator for long-term changes in the ecology on the surface of the site which is 
translated into its monetary equivalent and therefore ecosystem service value. It does not, 
however, reflect the differences between different remediation technologies and is rather 
based on the future land-use scenario that is held constant across the alternatives 
considered. SRT also has a groundwater quality indicator that considers the reduction in the 
groundwater pollution brought about by the different saturated zone remediation 
technologies.  
 
REC considers ecological impacts during and after remediation but its scope, like SRT, is 
limited to on-site impacts. The Risk Reduction module in REC measures the risk reduction 
performance over time of each alternative by calculating the average changes in risks to 
ecosystems posed by contaminants. The risk index is based on HC50 ecological risk limits 
(50% of species exposed to contaminants will be adversely affected). The soil and 
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groundwater quality indicators in REC are based on the average contamination load (mass) 
in each compartment during a 30 year period. The faster the rate of contaminant removal in 
that period, the better the remediation alternative performs in terms of soil and groundwater 
quality. REC therefore accounts for temporal efficiency between remediation alternatives by 
considering the average performance of each remediation alternative within the 30 year time 
horizon. REC also has a quantitative indicator for contaminant emissions to surface water 
which is intended to include both contaminated soil erosion to surface water bodies and 
direct discharge to surface water. 
 
GoldSET measures ecological impacts both on- and off-site, with one indicator considering 
the impacts during operations and another indicator considering long-term impacts. Changes 
in soil quality, groundwater quality and surface water quality are each measured with a 
separate qualitative indicator. 
3.1.2. Economic Indicators 
The economic indicators across the tools in the subsection below include: 
1. Total Costs and how they are discounted over time using Net Present Value. 
2. Uncertainty, which is an indicator in GoldSET and applied as a factor in the other 
tools. 
3. Permits and Financing Opportunities which are positive spin-offs from remediating a 
site, such as an increase in land value, local employment opportunities and local 
business opportunities. 
Total Costs and Net Present Value 
SRT is the only tool to determine the total cost of each alternative, based on the amount of 
soil and groundwater that needs to be treated and the specifics of the technology being used. 
REC and GoldSET, on the other hand, require the user to determine all the costs associated 
with the different remediation options. REC guides the user through the process with the aid 
of a detailed cost calculation module. It then converts the total costs to their net present 
value. GoldSET does not have a cost calculation module but instead requires the total cost 
for each alternative per year as input values for its net present value calculator. The net 
present value calculation in GoldSET is less detailed than in REC and is therefore more 
straightforward and easy to apply. Net present value is not an indicator in SRT but is applied 
in the valuation of land-use types. 
 
Uncertainty 
SRT, REC and GoldSET all account for the uncertainty related to technology costs. SRT 
accounts for uncertainty in technology cost by allowing for the variations in the bulk density of 
different soil types. The factor is referred to as “fluff factor” and only applies to the excavation 
alternative. REC accounts for uncertainty by averaging a range of cost estimations from low, 
probable to high cost. A standard deviation is then also factored into the final cost outputs. 
GoldSET includes a separate qualitative indicator for technological uncertainty on cost to 
account for uncertainty in exceeding the budget for each remediation alternative. 
 
Permits and Financing Opportunities 
GoldSET has two additional direct economic impact indicators not considered in any of the 
other tools that are included in the SuRF-UK indicator set: permits and regulation related 
costs and use of financing opportunities. Permit costs may vary between technology 
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alternatives. With regard to the use of financing opportunities, the remediation alternatives 
that utilize such financial mechanisms should receive a higher score for this qualitative 
indicator. 
 
Indirect Economic Impacts 
SRT and GoldSET are the only tools to account for indirect economic impacts. SRT 
considers one single indirect economic impact: increase in value of area. SRT is the only 
tool to account for land value but this is assuming the site is completely remediated and is 
based on the eventual land-use scenario. GoldSET includes a range of different qualitative 
indicators for indirect economic impacts. GoldSET does not consider land value but does 
consider the possibility of an alternative allowing for the site-owner to reuse the site. 
 
Local employment opportunities created and local business opportunities created are 
two indirect economic impacts that are only considered in GoldSET. The indicators measure 
the degree to which different alternatives employ local labor and stimulate economic activity 
between businesses in the area. Local business activity is not, however, considered in 
SuRF-UK although it is indeed an important consideration in broad economic terms. The 
employment related indicators in SuRF-UK are measures of the degree to which different 
alternatives provide for educational opportunities and skill development in the local 
community. It is important to note that GoldSET categorizes local employment opportunities 
created and local business opportunities created according to the social aspect category. 
3.1.4. Social Indicators 
The social indicators compared in the subsection below include: 
1. Worker Safety in terms of occupational risks and contaminant exposure risks to 
workers 
2. Contaminant risk reduction for the general public in terms of human toxicological risk 
reduction, community health and safety, soil vapor intrusion impacts on human health 
and the protection of potable water supply. 
3. Space availability in terms of when the space on-site is made available for use 
Worker Safety 
SRT predicts risk of injury to workers, according to the number of workers needed per 
alternative, hours spent on-site by workers and hours spent traveling by workers. SRT 
therefore measures occupational risks and the duration of operations is considered 
implicitly in this indicator. REC, on the other hand, measures the contaminant exposure of 
workers during operations. The duration of on-site operations is factored into the calculation 
of risk to workers. Temporally efficient technologies perform better with this indicator, since 
they reduce the amount of time that workers are exposed to the contaminants on-site. 
GoldSET includes workers’ health and safety as a qualitative measure of how remediation 
alternatives vary in terms of general risk to workers. The GoldSET workers’ health and safety 
indicator does not distinguish between occupational risks and contaminant exposure risks. 
SuRF-UK considers workers’ health and safety together with the health and safety of the 
general public. 
 
Contaminant Risk Reduction 
REC and GoldSET are the only tools that have indicators accounting for variations between 
remediation alternatives in terms of the social impacts of the eventual state of the site. The 
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REC risk assessment module compares remediation alternatives in terms of the level of risk 
of contaminant exposure to the public after remediation is completed. GoldSET considers 
three indicators which cover the same impacts as the reduction in human toxicological 
risks in REC. The indicators are community health and safety, soil vapor intrusion 
impacts on human health and the protection of potable water supply. The GoldSET 
indicators are qualitative, whereas REC determines an exposure risk level. 
 
Space availability 
REC accounts for the space used on-site in terms of temporal efficiency with a quantitative 
indicator that considers the number of square meters made available within a fixed amount of 
time.  Remediation technologies that require less space on-site perform better in this 
indicator. The indicator accounts for how quickly the space consumed by the remediation 
alternative becomes available. GoldSET also has a space availability related indicator 
although GoldSET differs from REC in that it accounts for how the space on-site is made 
more useful to the general public.  
3.1.5. Standardization and Weighting 
The tools standardize and weight indicators slightly differently. The CO2 Calculator requires a 
set of standard data inputs related to quantity of soil and groundwater treated, distances 
traveled, equipment needed and resources consumed. These inputs are then converted to 
CO2 emission equivalents. Weighting is not necessary since the emission values are simply 
added up for each alternative.  
 
SRT allows the user to perform the evaluation of alternatives with a limited amount of detail 
(Tier 1 Approach) or to perform a detailed assessment where all default conversion factors 
can be adjusted (Tier 2 Approach). The indicators are standardized by attributing financial 
values in US dollars to each. The final result is then calculated as the sum of converted 
indicators, which consist of both negative and positive financial values, and the total financial 
cost of each alternative.  
 
The Risk Reduction and Cost modules of REC do not include a weighting schedule. The 
standardization for both the Risk Reduction and Cost modules is the same. In the Risk 
Reduction module, Vlier Humaan (or CSoil) is used to calculate the reduction in risk for 1) 
exposure to contaminated soil and groundwater on-site and 2) contaminated soil vapour 
emissions on-site. The total risk reduction is represented as a percentage for each 
alternative. The total risk reduction for each alternative is then by the maximum percentage 
among the alternatives to derive a score between 0 and 1. The same procedure is applied to 
the Cost module, where the total cost of each alternative (in Euros) is divided by the total 
cost of the most expensive alternative to derive a score between 0 and 1. 
 
REC only applies a weighting schedule to the results of the Environmental Merit module and 
this is based on expert opinion, although REC allows for the possibly of the weighting 
schedule to be adjusted by the user. The results are standardized, in the same way as the 
Risk Reduction and Cost modules once the individual indicator values have been weighted,   
to an overall environmental merit percentage for each alternative. The standardized overall 
results for each alternative are represented in a single graph (Figure 2-3).  
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GoldSET differs from REC, in that GoldSET places weights on each indicator as well as the 
sustainability aspects categories.  All the indicators in GoldSET are standardized to a scale 
between 1 and 100 before being weighted subjectively. Therefore qualitative indicators are 
also weighted subjectively. All the indicators relevant to a remediation project were selected 
and weighted equally. The indicator categories were also weighted equally. 
3.2. Stage 2: Tool outputs  
3.2.1. Sustainable Technology Appraisal Results 
Tables 2-2 and 2-3 and Figures 2-2 and 2-3 below show the final results from the tools in the 
selection. The application of the tools to a case study highlights the differences in usability of 
the tools as well as how the different assessment methods lead to different results. The CO2 
Calculator and SRT present the final results as single quantitative outputs. REC and 
GoldSET, on the other hand, present the final results with diagrams that illustrate the trade-
offs made in each remediation alternative between the different aspects of sustainability.  
 
The CO2 Calculator results show the estimated total tons of CO2 emission for each 
alternative (Table 2-2). MNA produces by far the least CO2 emissions followed by the partial 
excavation alternative (all soil exceeding 20,000 mg/kg d.m. concentration level of mineral 
oil) as the second best alternative, the full excavation alternative (all soil exceeding 1,500 
mg/kg d.m. concentration level of mineral oil) as third and ISTD as by far the least preferred 
alternative. The MNA CO2 emissions are brought about by visits to the site for monitoring 
purposes and the drilling of monitoring wells over a 30 year period. 
Table 2-2: Final results from CO2 Calculator showing CO2 emissions produced by each 
remediation alternative. The abbreviation ‘mg/kg d.m.’ stands for ‘milligram per kilogram dry 
matter’. ISTD represents the In-situ Thermal Desorption remediation alternative. ‘MNA’ 
represents the Monitored Natural Attenuation remediation alternative. 
CO2 Calculator Final Results (tons CO2 emissions) 
1. Excavation 20,000 mg/kg d.m. 9,633 
2. Excavation 1,500 mg/kg d.m. 14,940 
3. ISTD 180,310 
4. MNA 8 
 
The final results from SRT (Table 2-3) are financial cost figures with sustainability impacts 
factored in. It is important to note that the final ranking of the alternatives in terms of 
sustainability for this particular case is the same as when only the financial cost predictions in 
SRT are taken into account. The additional sustainability considerations have little bearing on 
the overall results. The MNA alternative is the most sustainable as well as the most cost 
effective. ISTD is placed second, which differs from the results of the CO2 Calculator. Partial 
excavation is preferred to the full excavation alternative. 
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Table 2-3: Final Results from SRT showing the cost of each remediation alternative when 
sustainability aspects have be valued in monetary terms and balanced against total financial 
costs. The abbreviation ‘mg/kg d.m.’ stands for ‘milligram per kilogram dry matter’. ISTD 
represents the In-situ Thermal Desorption remediation alternative. ‘MNA’ represents the 
Monitored Natural Attenuation remediation alternative. 
SRT Final Results (U.S. Dollars) 
Excavation 20,000 mg/kg d.m. 25,000,000 
Excavation 1,500 mg/kg d.m. 34,000,000 
ISTD 6,800,000 
MNA 780,000 
 
REC and GoldSET do not rank alternatives and do not present the final results as a single 
final output. Instead they present the performance of the different alternatives according to 
the three aspects they consider. 
 
The final results from REC are presented in a bar graph and include the standardized 
performance of each alternative according to the Risk Reduction, Environmental Merit and 
Cost (Figure 2-2).  The most suitable alternative is not immediately apparent in the graph. 
The full excavation and ISTD remediation alternatives perform the best in terms of 
contaminant risk reduction (orange bar). The excavation alternatives are the most 
environmentally merit worthy (blue bar); however, they are the most expensive and therefore 
perform badly in terms of cost (green bar). MNA is the most cost effective alternative but 
performs the least favorably in terms of risk reduction and environmental merit, which is 
largely due to the site being unavailable to society for the 30 year duration of the alternative.  
 
The results from “Petroleum-Zuid” present the potential difficulty of arriving at a decision with 
REC. If the user is interested in achieving the best trade-off between the different elements 
considered in REC they may opt for one of the excavation alternatives since the large cost 
(represented with the orange bar) of the alternative is off-set by the (theoretical) reduction in 
contaminant risk (represented with the green bar), while at the same time delivering a certain 
degree of environmental benefit (represented with the blue bar). In other words, the risk 
reduction results and cost results have the same degree of impact however risk reduction is 
positive and above zero on the scale and cost is negative and below zero on the scale. The 
choice of an excavation alternative as the most sustainable remediation alternative stands in 
contrast to the results from the CO2 Calculator and SRT. It is important to note that social 
impacts such as reduction of contaminant risk to humans over time and the availability of 
space on- site are the factors which tip the results in favor of the more aggressive 
remediation alternatives. 
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Figure 2-2: Final results REC. Standardized scores for Risk Reduction, Environmental Merit 
and Costs for each remediation alternative. ISTD represents the In-situ Thermal Desorption 
remediation alternative. ‘MNA’ represents the Monitored Natural Attenuation remediation 
alternative. 
 
The final results from GoldSET also present the trade-offs between three general 
sustainability impact areas (Figure 2-3). The performance of each alternative is displayed in 
terms of scores for each sustainability aspect and illustrated with a triangle radar chart. The 
higher the score of the aspect the better the performance of the alternative and, according to 
Golder Associates, the most sustainable alternative is the alternative represented with the 
biggest and most balanced triangle (Bérubé et al., 2009). The GoldSET results are not 
compared to a reference situation. In other words, there is no comparison between the 
current state of the site and the outcome and impact caused by the remediation alternatives. 
In this case, the MNA alternative, which only requires very limited material and energy inputs, 
but allows the contamination to remain in the subsurface, could be assumed to be a 
reference situation.  The negative impact of the MNA is therefore the limitation of on-site 
land-use and the associated opportunity costs to the local community. 
 
There is, however, little difference between the performance of each alternative for 
“Petroleum-Zuid” and it is not immediately apparent which alternative is the most sustainable. 
The alternative with the biggest triangle can be calculated by adding the scores for each 
aspect together per alternative and comparing them. The reason for the small difference 
between the alternatives is due to the range of qualitative indicators (See Appendix 2: 
Section 3 Overview of inputs) included along with the quantitative values that are exclusively 
considered in the other tools. In other words, GoldSET includes a wide range of additional 
indicators, the inputs of which differ very little between each other, and these are combined 
in the final result. The qualitative indicators also include a limited scale in which the impacts 
can be estimated. This makes it easier for the tool user to determine the qualitative value that 
best represents the given impact. 
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The partial excavation and ISTD alternatives have the highest absolute scores and therefore 
the biggest triangles. The partial excavation alternative has a less favorable social aspect 
score than the ISTD alternative. The ISTD alternative performs less favorably than the partial 
excavation alternative in terms of the environmental aspect, but it has the more balanced 
triangle of the two. Full excavation and MNA perform equally in terms of triangle size, but 
MNA has the worst balance between the three aspects of sustainability. MNA performs badly 
since the space on-site is unavailable to society and does not provide employment 
opportunities.  
 
The choice of partial excavation or ISTD again stands in contrast to the results from the CO2 
Calculator and SRT. GoldSET also differs from REC in that the ISTD alternative, according 
to REC, presents a poor balance between the three general aspects considered. The 
following sub-section highlights the important differences in indicators sets that lead to 
conflicting results between the tools. 
 
Figure 2-3: Final results from GoldSET. The tables show how each alternative performs 
according to the three aspects of sustainability and the radar charts illustrate the balance 
between aspects for each alternative. The higher the scores are, the better the performance 
result. 
3.2.2. Environmental Indicators 
The CO2 Calculator performs the most exhaustive account of CO2 emissions and energy 
consumption in the selection of tools. The CO2 Calculator accounts for soil cleaning 
processes after excavation and therefore the CO2 emissions values from the CO2 Calculator 
are approximately six times higher than in the other tools that are limited to only considering 
emissions from the removal and transport of soil. This is especially important when 
comparing in-situ and ex-situ technologies. 
 
SRT converts environmental impacts into monetary values. The monetary value used to 
calculate the cost of emissions in SRT is $2 per ton of CO2. This relatively low value explains 
why the financial cost estimates in SRT differ only slightly from the final output which 
includes the cost attributed to emissions. The monetary values attributed to a ton of CO2 
range considerably in the scientific literature and differ by several orders of magnitude (Isacs 
et al., 2016). Tol, (2005) presented a combined estimate 103 studies on marginal damage of  
CO2 per ton, with a mode of $2 per ton, a median of $14 per ton, a mean of $93 per ton, and 
a 95th percentile of $350. Tol (2005) concludes that it is unlikely that marginal damage costs 
of carbon dioxide emissions exceed $50 per ton. Van den Berg and Botzen (2014) performed 
a similar study of Social Carbon Cost in which they concluded with a lower bound of $125 
dollars. 
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Figure 2-4 is the output from the REC Environmental Merit module and is a preliminary result 
before all three modules in the REC tool are combined. Each bar in the graph represents the 
environmental impact of the different remediation alternatives and is built up from the 
indicators listed in the key on the right hand side. 
 
Figure 2-4: REC output from Environmental Merit module. Each bar represents a remediation 
alternative and how each alternative performs according to the environmental indicators 
considered. ISTD represents the In-situ Thermal Desorption remediation alternative. ‘MNA’ 
represents the Monitored Natural Attenuation remediation alternative. ‘MF Reference’ is an 
abbreviation for ‘Multifunctional Reference alternative’. 
The biggest difference between the alternatives is evident in the violet and brown bars. The 
violet bar represents space availability and is discussed in the Social Indicator (3.2.4) section 
below. The brown bar represents soil loss and in this particular case study the two 
excavation alternatives score extremely positively in terms of soil loss. REC derives a score 
for soil loss by subtracting the amount of excavated soil re-used on-site, from the new fill 
brought to the site. In the “Petroleum Zuid” case most of the soil will be treated on-site with 
only a fraction of the total amount of soil excavated, needing to be replaced with new fill soil. 
This operation in the REC module assumes that more fill soil will always be needed than soil 
being re-used and this is why the excavation alternatives exceed the theoretical maximum. 
The graph is intended to represent only soil and groundwater quality changes as positive (or 
above zero on the y-axis) in terms of environmental merit and the remaining indicators are 
intended to be represented as negative (below zero on the y-axis). Soil loss is not intended 
to be represented as positive. Therefore the excavation alternatives perform far better than 
the in-situ alternatives when in fact there is no soil loss at all with the application of in-situ 
technologies. This example indicates the importance of understanding how appraisal tools 
and sustainability indicators operate, when interpreting the results they generate. 
 
The MF Reference (or Multifunctional reference) in Figure 2-5 is a hypothetical remediation 
alternative generated by the tool based on the existing soil conditions before remediation. It 
assumes all polluted soil is excavated and the polluted volume is flushed 50 times. The last 
bar is the theoretical maximum which is an ideal alternative in which the contamination is 
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removed within 30 years, without doing anything. Neither the MF nor theoretical maximum 
influence the results of the other alternatives.   
 
GoldSET has a very broad range of indicators in each of the sustainability aspects. A 
broader set of considerations should allow for a more rigorous assessment of alternatives. In 
this particular case the large difference in energy and resource consumption between 
alternatives is not apparent in the environmental aspect scores of the final results (Figure 2-
3). A broad range of indicators is suitable for generic guidelines, for the user to choose from 
but when used exhaustively, large differences in certain key aspects are rendered less 
apparent. A solution that GoldSET allows for is in applying different weights to indicators. 
Determining an objective weighting schedule is, however, left to the user and allows room for 
influencing the results. 
3.2.3. Economic Indicators 
A benefit of remediation alternatives that require a long time-span is the possibility of 
discounted costs in the future. Discounting is only considered in REC and GoldSET. In this 
particular case study, the excavation and ISTD alternatives have a relatively short duration of 
around one year and therefore can be discounted very little. The cost of the MNA alternative, 
on the other hand, requires a far longer treatment period and can therefore be discounted to 
a large degree. Discounting future costs for the “Petroleum Zuid” alternatives had little 
bearing on how the alternatives perform economically since MNA is already far cheaper than 
the other alternatives. 
3.2.4. Social Indicators  
The social aspect is the least thoroughly considered across the tools, although some of the 
impact areas referred to in SuRF-UK are accounted for. SRT includes two indicators that 
could account for social impacts; however, they are not used to calculate the final results. 
SRT calculates the local air emissions produced by each alternative and estimates worker 
injuries but only presents the score of these two indicators in its preliminary results. These 
two indicators are not, however, translated into economic cost equivalents nor added to the 
final result in SRT. 
 
The violet bar in Figure 2-4 from REC represents the amount of space on-site that is 
unavailable during remediation. Space availability is a social factor although it is considered 
in the Environmental Merit module of REC. MNA will not reach the required remediation 
target level within 30 years and the site will remain idle during this time. Space availability is 
therefore a factor of time and reflects the slow average contamination reduction accounted 
for in both the Risk Reduction module and Environmental Merit module. The poor 
performance of MNA is due to this particular factor, namely duration of treatment, being 
double counted.  
 
The social impact results in GoldSET include local employment and business generation. 
According to SuRF-UK, local employment generation is an economic impact. Therefore if the 
local employment and business generation indicators were moved to the economic aspect, 
the excavation and ISTD alternatives, that require more labor hours and local activity, would 
perform worse socially and better economically. MNA would perform slightly better in social 
terms and worse economically. 
Chapter 2: Sustainability Appraisal Tools for Soil and Groundwater Remediation: How is the choice of remediation alternative influenced by 
different sets of sustainability indicators and tool assessment procedures? 
 
40 
 
4. Discussion 
The tools considered differ in terms of their indicator selection and how their indicators are 
measured and weighted. The indicators that are common across the tools tend to focus on 
environmental impacts related to on-site processes and total financial costs. Off-site impacts, 
impacts that are felt after remediation and impacts associated with reoccupation of a 
remediated site are considered less thoroughly across the tools, particularly with regard to 
the economic and social dimensions of sustainability. The narrow focus on on-site 
environmental impacts stands in contrast to what is advocated in the concept of sustainable 
development and leads to poor balancing of the three dimensions (environmental, economic 
and social) of sustainability (SuRF-UK, 2010; UNWCED, 1987).  
 
It is also not always clear which sustainability aspect individual indicators belong to. GoldSET 
is the only tool considered here to categorize indicators according to the dimensions of 
sustainability. However, what constitutes economic and social indicators in GoldSET differs 
from that of SuRF-UK. The remaining tools do not allow for the possibility of balancing the 
three dimensions of sustainability. The overlap between the dimensions may in some cases 
result in double counting of impacts. A solution to double counting impact areas is proposed 
by Bardos with the concept of “sustainability linkages”. “Sustainability linkages” or systems-
based approaches reflect the causal chain from environmental changes and pressures 
through to their eventual impact on local communities and society (Bardos, 2012). Systems-
based approaches have been developed for policy-scale decision making (Niemeijer and de 
Groot, 2008) and in other fields of research related to spatial planning and environmental 
engineering (van Bueren et al., 2012), but systems-based approaches are still novel to 
sustainability assessments of soil and groundwater remediation. 
 
SuRF-UK proposes a wide range of indicators in each of the three dimensions of 
sustainability which should be considered, but it is not evident within SuRF-UK how the 
indicators should be measured. The broadest indicator set within the sustainability appraisal 
DSSs is available within GoldSET where the user is allowed to qualitatively gauge the 
performance of most of the indicators. The use of qualitative indicators, evaluated by the 
user, may raise concerns regarding the objectivity of such evaluations. It is important to 
recognize that these DSSs are intended to aid in decision making by providing the user with 
an overview of how different alternatives compare according to a certain set of (and perhaps 
subjectively selected) criteria and are not intended to determine a definitive sustainability 
score. Quantitative measures are not necessarily perfectly objective either, since the outputs 
from the indicators themselves can vary according to what is included in the scope of the 
indicator. The application of the tools in Stage 2 of this comparison is a case in point, where 
energy consumption and CO2 emissions calculations differ between tools for the same 
alternatives.  
 
Weighting procedures differ between the tools. The quantitative indicators in REC and 
GoldSET are weighted subjectively, allowing some factors to be prioritized over others and 
therefore introducing the same potential concerns faced with qualitative indicators, on the 
one hand, and, on the other hand, allowing the assessment to be tailored to the specific 
objectives of the remediation project in question. The CO2 Calculator and SRT are 
reductionist tools in that they translate each indicator into a single measurable indicator 
(Gasparatos, 2010; Munda, 2006); CO2 equivalents in the CO2 Calculator and US dollars in 
SRT. Weighting based on economic valuation in SRT is also vulnerable to concerns 
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regarding objectivity, in that the conversion factors are often specific to regional 
circumstances (Tol, 2005). SRT’s valuation is based on estimates from the United States. An 
example is the $2 per ton of CO2, which is far lower than the standard per ton CO2 value 
used in Europe (Tol, 2005; Aertsens et al., 2013; Van den Berg and Botzen, 2014; Isacs et 
al., 2016 ). An alternative approach to experts designating values for qualitative indicators 
and weighting schedules, currently widely discussed in literature, is the engagement of 
stakeholders in performing a sustainability assessment of feasible alternatives (Bleicher and 
Gross, 2010; Franz et al., 2006; Pediaditi et al., 2010). Allowing stakeholders to determine 
indicators relevant to the evaluation and weighting schedules, does not guarantee more 
objective results per se, but allows all impacted parties to be taken into consideration in 
determining the optimal set of necessary tradeoffs between opposing criteria. SRT has an 
additional module that allows weights to be applied to the CO2 emissions, total energy 
consumption, technology cost and change in resource service for land and groundwater, by 
five different stakeholders. The cumulative weighting therefore determines the degree to 
which the different indicators are valued and therefore the final results. 
 
The tools consider global and off-site impacts to a certain extent and have therefore been 
described as based on the Life-cycle Assessment (LCA) approach (Beinat el al., 1997; 
Cappuyns, 2013; US AFCEE, 2010). The unique advantage of the LCA approach is its focus 
on determining areas of environmental decision making where “transmedial problem shifting” 
can be avoided (Finnveden et al., 2009; Geldermann and Rentz, 2005). There are, however, 
large differences between the actual LCA approach and how these sustainable technology 
appraisal tools perform. None of the tools compare alternatives based on a functional unit. In 
an LCA, the Life-cycle Inventory outputs are used to perform the Life-cycle Impact 
Assessment and are therefore translated into eventual impact categories. In the sustainable 
technology appraisal tools, the inventory of environmental resources consumed and 
emissions are indicators in themselves and not translated into eventual impacts. The 
reduction in risk to human beings and ecosystem on-site due to the removal of contaminants 
are considered but as separate impacts unrelated to eventual global impacts caused by the 
processes of removing the contaminants.  
 
The difference in the indicator sets and weighting procedures explain why the results differ 
and also show that certain technologies are not considered within the same boundary 
conditions. For example, a fair comparison between excavation and in-situ treatments should 
include ex-situ soil cleaning, which is only considered in the CO2 Calculator. The results from 
Stage 2 show the degree to which the exclusion of soil cleaning processes exaggerates the 
difference in outputs between the tools. This raises questions regarding the degree to which 
other off-site processes should be considered and the degree to which the “cradle-to-grave” 
LCA concept should be adopted in sustainable technology appraisal tools. 
5. Conclusions 
The evaluation of the indicators and assessment procedures of the four tools, together with 
their application to the case study, highlight the differences in the scope of the tools, how 
indicators are calculated, weighted and combined and how this ultimately influences the 
results generated by the tools. Clearly broadening the scope of the assessment from only a 
few environmental indicators and financial costs to also considering social impacts and 
indirect economic impacts will influence the estimated sustainability performance of the 
remediation alternatives.  
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A broader scope of evaluation comes closer to including all the impacts deemed to be 
important by remediation forums such as SuRF-UK and provides a more holistic account of 
how different courses of action impact not only the natural environment but also the human 
environment.  
 
The tools evaluated can still be improved in terms of being aligned with the broad scope 
proposed by SuRF-UK. SRT and REC for example tend to focus almost exclusively on on-
site impacts during remediation operations and the financial costs of this, which overlooks 
crucial considerations in the environmental dimension as well as impacts in the social and 
economic dimension. The extent of the secondary impacts of excavation and ex-situ 
remediation cannot be fully accounted for if off-site processes are not included. The CO2 
Calculator does include off-site soil remediation processes however the CO2 Calculator is a 
single compartment tool and cannot be considered in terms of the scope of a holistic 
sustainability assessment. In terms of social impacts in SRT and REC, the opportunity cost 
of not being able to access the site, due to continued contamination risk during the MNA 
alternative is not considered in SRT. In REC, the space occupied by the remediation has a 
large influence on the final result; however this is aggregated within the environmental merit 
module and therefore not reflected as a social impact. The relatively low CO2 monetary 
conversion in SRT means that there is a nominal difference between the financial costs of 
the different alternatives and the final results from the tool. Finally GoldSET has the broadest 
range of indicators and comes closest to the holistic approach proposed by SuRF-UK; 
however the social and economic indicators are largely based on qualitative inputs, which 
present challenges in terms of objectivity. 
 
Indicators should be based on information that can be easily obtained by remediation 
professionals and include all relevant considerations on-site and off-site. On-site 
environmental impacts during the remediation process should be linked to their eventual 
social and economic impacts, therefore reducing the need for the tool users to measure all 
impacts themselves. Further evaluations, in the scientific community, of how sustainable 
technology appraisal tools differ from LCA studies can be used to determine which off-site 
impacts need to be considered and added to the existing tools and how they should be 
measured.  
 
Finally, sustainable technology appraisal tools can be coupled to sustainable site 
redevelopment appraisal tools allowing for both remediation and post remediation impacts to 
be considered together. At present, sustainable site redevelopment appraisal tools such as 
SBR, MMT and DESYRE facilitate the spatial optimization of redeveloped brownfield sites 
without evaluating the sustainability of remediation alternatives during clean up. A future 
development in the state of the science would allow for the coupling of variations in 
remediation target values according to future land-use alternatives and evaluating the 
sustainability of different scenarios from the remediation process through to re-occupation of 
the site. 
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Chapter 3: Accounting for Land-use Efficiency and Temporal Variations 
between Brownfield Remediation Alternatives in Life-cycle Assessment 
 
The chapter is based on the publication:  
Beames, A., Broekx, S., Heijungs, R., Lookman, R., Boonen, K., Van Geert, Y. et al. (2015). 
Accounting for land-use efficiency and temporal variations between brownfield remediation 
alternatives in life-cycle assessment. Journal of Cleaner Production, 101, 109-117. 
The latest life-cycle assessment methods account for land use, due to the production, use 
and disposal of products and services, in terms of ecosystem damage. The process of 
brownfield remediation converts otherwise idle urban space into productive space. The value 
to ecosystems in this context is of course limited since the brownfield site remains urban. 
When evaluating brownfield remediation technologies, the availability of space on-site is 
dependent on the duration of time required by the remediation technology to reach the 
remediation target. Remediation technology alternatives tend to vary largely in terms of 
duration. Comparative life-cycle assessments of remediation technologies, to date, present 
the large variations between alternatives in terms of remediation duration but do not translate 
this into an impact or parameter. The restored subsurface zone is often defined as a 
functional unit, when in fact the surface area is the resource restored by the remediation 
service. The economic benefits of making land resources available are particularly important 
considerations in the context of brownfield remediation. The research proposes an innovative 
impact assessment approach that allows land to be considered as a finite resource. The 
method is applied in a comparative life-cycle assessment of two potential remediation 
scenarios for an idle brownfield in the Brussels region of Belgium. The results show that 
there is a trade-off between greenhouse gas emissions and land availability and that both are 
largely dependent on the efficiency of the contaminant extraction mechanism. The results 
also raise the question as to whether the economic valuation of land, like precious metals 
and fossil fuels, provides an accurate reflection of the true value of the resource. Considering 
land as a resource at the midpoint level is also relevant in other urban contexts where 
competition exists between different land-uses, where urban sprawl is detrimental to 
undeveloped areas and where urban intensification is a policy objective. 
1. Introduction 
The rapid conversion of rural areas to peri-urban land cover globally is increasing the 
demand for space near urban centers (Piorr et al., 2011). At the same time, brownfield sites, 
unutilized due to the risks associated with local soil and groundwater contamination, take up 
a considerable amount of space in urban centers, particularly in Europe. The estimated total 
areas of brownfield space in Belgium, Germany and the Netherlands, for example, are 145 
square kilometers (km2), 1280 km2 and 110 km2, respectively (Oliver et al., 2005). 
Remediating these areas and adding them to the urban supply of land would contribute to 
more compact urban centers and would reduce the consumption of undeveloped green 
areas at the periphery, at least to a certain extent. Doing so, however, would require 
considerable financial and energy investments. The question then arises as to whether such 
resource investments deliver acceptable financial and environmental returns. The Life-cycle 
Assessment (LCA) approach can be used to evaluate the potential environmental merit of 
alternative remediation scenarios but the standard LCA methods do not consider land as a 
finite and increasingly scarce resource. Instead, land-use is accounted for in terms of 
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ecosystem damage and biodiversity loss. The research presented here shows that just as 
the acquisition and consumption of fossil fuels, precious metals and drinking water bring 
about both environmental destruction and resource depletion, so too does land 
transformation and occupation. The occupied area in the life-cycle of a product and service 
has both an impact on ecosystems and on the availability of the resource.   
 
LCA is an established method for evaluating environmental impacts associated with different 
product and service alternatives (Klöpffer, 1997). The first scientific LCA study of soil and 
groundwater remediation alternatives was published in 1999 (Diamond et al., 1999). In a 
review of scientific literature, 34 life-cycle assessment studies on remediation scenarios 
could be identified, as well as several literature reviews on the specific topic (Suer et al., 
2004; Lemming et al., 2010b; Morais & Delerue-Matos, 2010). Usually, the largest 
differences between alternatives are their energy requirement and the emissions associated 
with energy consumption. The duration of different remediation alternatives also varies 
greatly and usually has an inverse relationship to energy inputs. Duration of treatment is not, 
however, reflected in any impact category as such, even though it is a decisive factor in 
making the land available for society and those that will use the site. For example, Lemming 
et al. (2010c) compare remediation scenarios for a site contaminated with chlorinated 
hydrocarbons. The more aggressive scenarios that are temporally efficient and require more 
material inputs, such as excavation and ex-situ treatment and in-situ thermal desorption, 
contribute more to global warming, ozone formation, acidification, terrestrial eutrophication, 
aquatic inorganics and respiratory inorganics than the ‘no action’ and enhanced reductive 
dechlorination scenarios. The scenarios range from less than one month to 1200 years in 
duration. Cadotte et al. (2007) compare remediation alternatives ranging from 8 years, for the 
most aggressive scenario, through to 302 years for the most passive scenario, for a site 
contaminated with diesel. Again, the more aggressive alternative, excavation and ex-situ 
treatment of soil in biopiles exceeds the air emissions and energy requirement values of the 
other alternatives that include in-situ bioventing and monitored natural attenuation. Suer and 
Andersson-Skold (2011) compare a scenario of 40 days for an aggressive alternative, to a 
passive approach of 20 years and a ‘no action’ scenario of 20 years. The less aggressive 
approaches with the least environmental impacts overall, require longer remediation times.  
 
Neither Lemming et al. (2010c) nor Cadotte et al. (2007) use an impact assessment method 
in which land-use impacts are reflected. Suer and Andersson-Skold (2011) do use an impact 
assessment method (taken from ReCiPe (Goedkoop et al., 2013)) that includes land-use to 
compare excavation and landfilling to phyto-extraction coupled with biomass generation. The 
land-use results are particularly relevant in understanding the environmental benefit of 
putting the site to productive use during remediation (Cappuyns, 2013). The results, 
however, only reflect the land-use benefits in terms of biodiversity preservation for the ‘no 
action’ scenario and not the benefits of being able to utilize the site in the other alternatives. 
In the context of brownfield remediation, the shorter duration alternatives require more 
material and energy inputs but yield the benefits of available urban space sooner. The 
question then is how to account for temporal variations between alternatives.  
 
This chapter addresses the development of an impact category for land-use with regard to its 
availability for human (socio-economic) use. Section 2 explains the case study, the goal and 
scope, life-cycle inventory and the land-use impact method used on the case study. The 
method used is described with reference to the existing approaches and how it differs from 
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those approaches. Section 3 describes the results generated by the application of the 
method. Section 4, is a discussion of the implications of considering land as a resource in 
LCA and the potential concerns that such an approach raises. 
2. Methods 
This section presents the case study and then discusses a number of elements of the LCA 
framework in relation to the analysis of remediation technologies. The approach adopted in 
this study is explained with reference to the standard approaches in existing literature. 
2.1. Case Study 
SRI Biochim is a 2 ha site located in the 250 ha industrial zone of Vilvoorde-Machelen just 
north east of Brussels (Figure 3-1). Vilvoorde-Machelen has a history of heavy industrial 
activity and is still occupied by several active companies, alongside local residential housing 
and shopping facilities. The SRI Biochim site was used as a solvent recycling facility until it 
burned down in 1993. 
 
 
Figure 3-1: An aerial view photograph of the SRI Biochim site, north of Brussels. The one 
hectare smear zone that will be remediated on SRI site is outlined by the dashed line (red). 
The (green) circle is where the in-situ multiphase extraction pilot was carried out and the 
(blue) rectangle is where the excavation pilot was carried out. 
 
The storage tanks destroyed by fire leaked a toxic mix of benzene, toluene, ethylbenzene, 
xylene, mineral oil, chlorinated volatile organic compounds, polychlorinated biphenyls, 
chlorophenols, phenols and cresol into the subsurface which have formed a large LNAPL 
smear zone. The estimated contaminant load is approximately 500 metric tons. The 
contaminants have migrated underneath local houses and pose a potential human health 
hazard since contaminant soil vapors have been detected in the indoor air of neighboring 
houses. 
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2.2. Remediation Alternatives 
In this case, the contamination hotspot consisting of the light non-aqueous phase liquid 
smear zone will have to be completely removed to prevent continued contamination of the 
groundwater and evaporation to indoor air. The two remediation alternatives that could 
feasibly remove the contamination from the site are Excavation and Ex-situ Treatment of Soil 
(EXC) for 6 months and In-situ Multiphase Extraction (MPE) for 15 years. Both technologies 
have been piloted at the site and allow for an accurate calculation of resource needs and 
emissions of each alternative. The nature of the contamination and the risk of high 
concentrations of volatiles reaching the neighboring community, make this remediation 
particularly difficult and therefore any rapid or aggressive remediation approach would be 
enormously resource intensive. 
2.2.1. Excavation and Ex-situ Treatment of Soil (EXC) 
Excavation and Ex-situ Treatment of Soil (EXC) is the more aggressive approach and would 
present certain unique challenges when applied at the SRI Biochim site. The site is covered 
with a concrete layer between 17 and 25 centimeters thick. This will be removed with an 
excavator-mounted with a hydraulic jackhammer but doing so would allow high 
concentrations of mixed contaminant to evaporate from below the concrete layer, posing 
health risks and odor nuisance to people around the site. The removal of the concrete layer 
and the excavation of the soil will therefore need to be performed under controlled 
atmospheric conditions. A large movable shed will be constructed on-site, covering an area 
of 400 square meters (m2). The air inside the shed will be purified and the workers inside the 
shed will use compressed air tanks for breathing and protective clothing.  The workers will be 
rotated in shifts since it is not possible for a worker to use compressed air for 8 hours at a 
time. The entire operation will last 6 months. Excavating to 3.7 meters (m) below the surface 
will require the groundwater table at around 1.5 m below the surface to be lowered. The 
extracted groundwater will also need to be treated since it will contain high contaminant 
concentrations as well as pure product. Both the air and groundwater purification processes 
will use granular activated carbon. The transport of workers to and from the site is also 
accounted for in terms of vehicle usage and energy consumption. There are no thermal soil 
treatment facilities in Belgium that can treat such large quantities of soil with this type of 
mixed contamination. Therefore the soil would need to be transported to Moerdijk, near 
Rotterdam in the Netherlands, 110 kilometers away by truck. Finally, six months of the life 
expectancy of all capital equipment used for the excavation alternative is accounted for. The 
process tree in Figure 3-2 depicts the LCI of the EXC system. 
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Figure 3-2: Process tree of Excavation and Ex-situ Thermal Treatment of Soil. The 
atmospheric purification process train is represented in red. The lowered groundwater 
purification process train is represented in blue. The LCI accounts for the transport of all of 
the components to and from the site as well as the consumed life expectancy of the 
components in terms of their material composition. All energy usage is accounted for in 
terms of all resources consumed (including land occupation and transformation) and 
emissions produced during energy production. 
2.2.2. In-situ Multiphase Extraction (MPE) 
In-situ Multiphase Extraction (MPE) is a remediation technology that extracts soil vapor, non-
aqueous phase liquids and groundwater simultaneously. The vacuum extraction allows liquid 
flow rates to be increased around the extraction well, due to the increased pressure gradient 
from the groundwater being drawn downward. Lowering the pressure around the well in the 
subsurface also allows the non-aqueous phase liquid to volatilize more easily. The volatilized 
contaminants are removed from the subsurface via extraction wells.  The extracted soil 
vapor, non-aqueous phase liquids and groundwater are treated on the surface via gas and 
liquid treatment trains. Clean air, CO2 and water are emitted. 
 
The treatment train system is intended to destroy most of the contaminant mass through 
catalytic oxidation. The system will also separate out the floating pure product from the liquid-
phase. Dissolved chlorinated solvents are removed from the liquid-phase via air stripping and 
finally the water and gas from the air stripper are filtered with granular activated carbon.  
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Using the MPE system efficiently requires two factors to be taken into consideration. Firstly a 
balance needs to be achieved between not exceeding explosion thresholds in the gas-phase 
entering the system and ensuring that a sufficient contaminant concentration is removed. 
The gas-phase concentrations are carefully monitored to avoid explosion risks and, when 
necessary, the gas stream is diluted with outside air. The diluted stream means less under-
pressure is being applied to the extraction wells and therefore the soil vapor and 
groundwater are being extracted at a lower rate. Secondly, it is also possible that the space 
directly around wells may become clean, while leaving spaces between the wells 
contaminated. This can be avoided by varying the extraction rate, extracting intermittently 
and optimizing the number and positioning of extraction wells in the area being treated.  
 
The duration of treatment and total energy budget of the MPE system have been calculated 
based on the pilot study performed on the SRI Biochim site. The MPE system will require 15 
years of operation, which is a conservative estimation. Some of the on-site components and 
parts that make up the soil vapor and groundwater treatment train will need to be replaced 
within the 15 years. The process tree in Figure 3-3 depicts the LCI of the MPE system. 
 
Figure 3-3: Process tree of In-situ Multiphase Extraction (based on MPE design for the SRI 
site – see Figure A3-1 in Appendix 3). The dual-phase gas and liquid extracted into the 
knock-out tanks are represented in purple. The gas-phase purification process train is 
represented in red. The liquid-phase purification process train is represented in blue. The 
catalytic oxidation unit (CATOX) includes the reactor, a quencher, heat exchanger and 
blower. The LCI accounts for the transport of all of the components to and from the site as 
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well as the consumed life expectancy of the components in terms of their material 
composition. All energy usage is accounted for in terms of all resources consumed (including 
land occupation and transformation) and emissions produced during energy production. 
2.3. Goal and Scope Definition 
Remediation technologies deliver reduced contamination in the soil and groundwater of a 
given local subsurface space. The contaminant reduction mechanisms vary between 
technologies. The different contaminant reduction mechanisms also vary in terms of their 
mass removal efficiencies. The rate at which different technologies extract the contaminant 
mass is also never constant. A linear reference flow would not make different technologies 
comparable. Different approaches in scientific literature have avoided the use of a reference 
flow altogether. The first published framework for LCA on remediation technologies defines 
the functional unit as a volume or mass of soil and groundwater treated (Diamond et al., 
1999). This functional unit is intended to be applicable where different remediation 
alternatives deliver different remediation outcomes that vary in terms of the soil and 
groundwater quality achieved. Therefore the eventual local soil and groundwater quality 
delivered by the alternative is considered to be an impact and is measured according to 
specific soil and groundwater quality metrics. Diamond et al. (1999) suggest including a time 
horizon up until 25 years after remediation commences to account for long-term impacts 
brought about by undestroyed contaminants that remain in the subsurface or in stored waste, 
but this is not a parameter of the functional unit. 
 
In many cases, the remediation target is defined by the regulator. Feasible remediation 
alternatives must then deliver the regulatory contamination concentration thresholds by 
removing a certain amount of the contaminant mass. An appropriate functional unit in such 
circumstances is defined by Lemming et al. (2010c, 2012, and 2013), where a certain 
percentage of contaminant mass is removed in a certain subsurface volume. What varies 
between alternatives are then resource inputs, and the emissions and duration of treatment. 
Resource inputs and emissions are captured in the inventory but the duration of treatment is 
not accounted for. 
 
In this study, a full LCA on the feasible remediation alternatives for the case study site is 
performed (see case study remediation description in Section 2.2.). The scope of the 
assessment begins with material extraction processes, captured in the relevant background 
data, and extends through to assembly, use-phase, disassembly and finally the disposal 
phase, captured in the foreground data. All resources and emissions needed to deliver the 
functional unit are accounted for. The post-remediation-site occupation impacts are beyond 
the scope of the life-cycle inventory, since the evaluation is concerned with the 
environmental efficiency of the scenarios in delivering the site. The scope of the assessment 
does however include the consideration of when in time the remediation process will be 
completed and therefore when the site will be available for redevelopment and occupation. 
2.4. Function Unit 
The functional unit in this study is the removal of approximately 80% of the estimated 500 
metric tons of contaminant mass from a subsurface soil volume of approximately 40 000 
cubic meters and can be achieved with the remediation alternatives considered. The current 
land-use is ‘urban industrial’ and the site is unoccupied. The specific future land-use is not 
yet known but will remain urban. Usually, in Flanders, transformation to residential space 
would require lower remediation target thresholds than for industrial space but in this case 
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the risk of further contaminant migration requires near complete removal of the LNAPL 
source zones. It is assumed that this will meet residential land-use regulatory thresholds. The 
alternatives are therefore required to reach the same level of remediation; however they vary 
considerably in terms of duration and energy requirements. 
 
2.5. Inventory Analysis 
The Ecoinvent process data library (Frischknecht et al., 2007), as implemented in Simapro 
8.0.4 software (Pre-Consultants, 2014), was used. Two mechanisms of land-use are 
captured in the Ecoinvent inventory library. The first is the occupation of land and is 
calculated according to the area used and the duration of occupation for all relevant 
inventory processes, i.e. area (square meters or m2) multiplied by years of occupation. In this 
sense, land occupation accounts for the duration of surface area made unavailable. 
Transformation of land is the second mechanism and refers to the different types of land-use 
areas converted in the life-cycle of a product or service.  
 
In addition to Ecoinvent, data on the remediation technologies was obtained from OVAM. All 
the data inputs for the LCI are described in Appendix 3. The comparative LCA was 
performed with entries created from scratch for all foreground data and where the necessary 
processes did not already exist in the available libraries. For example, the granular activated 
carbon production, recycling and disposal inventory was calculated according to the formula 
proposed by Meier (2007). The inventory of the thermal facility for treating soil was also 
based on available literature (Dutch Ministry of the Infrastructure and the Environment, 
2014). Data on the material composition and life expectancy of all equipment and 
components for both alternatives was collected from the component manufacturers. 
Standard process inventories were used for the transport of materials, equipment, soil, and 
personnel, as well as on-site energy usage calculations. 
2.6. Impact Assessment 
Table 3-1 presents an overview of the different impact assessment methods applied in 15 
studies since 2007. CML2001, IMPACT2002+ and ReCiPe include land-use impact 
categories (Jolliet et al., 2003; Goedkoop et al., 2013). The International Reference Life-cycle 
Data System, developed by the European Commission Joint Research council, is another 
method that also includes land-use impact categories (Wolf et al., 2012), but that has not yet 
been applied to remediation technologies in scientific literature.  
Table 3-1: An overview of the standard life-cycle impact assessment methods used in LCA’s 
on remediation technologies published in scientific literature since 2007. 
 
 
ReCiPe was used in this study with the following modification to account for the land-use 
impact. Frischknecht et al. (2007), with reference to Lindeijer (2000), refer to the four impacts 
of land-use change: increase of land competition, degradation of biodiversity, degradation of 
LCIA methods
Land-use 
Impact 
Included 
Used in
EDIP no Toffoletto et al., 2005; Lemming et al., 2010a, 2010c, 2012, 2013
US EPA TRACI no Cadotte et al., 2007; Higgins and Olsen, 2009; Gallagher et al., 2013
CML2001 yes Busset et al., 2012
IMPACT2002+ yes Lesage et al., 2007a; Lesage et al., 2007b; Hu et al., 2011
ReCiPe yes Suer and Andersson-skold, 2011; Cappuyns and Kessen, 2012; Hou et al., 2014
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life support functions and degradation of cultural values. Ecoinvent in combination with 
ReCiPe only accounts for the degradation of biodiversity and to some extent, the degradation 
of life support functions (Frischknecht et al., 2007, Goedkoop et al., 2013). Brownfield 
remediation requires the special consideration of land-use during the remediation process 
because the process itself brings idle underutilized space back into productive use. The 
method adjustments described below consider the mitigating effects of brownfield 
remediation on land competition. 
 
In the older LCA guides presented and discussed in Heijungs et al. (1992 and 1997) and 
Guinée (2002), land-use or space-use is considered as a scarcity impact in square meters 
(m2) by years (yr.) of occupation (m2*yr.). The temporary occupation of land, like the 
consumption of fossil fuels or precious metals, increases its scarcity and therefore the 
competition for the resource. The more modern approaches calculate land-use impacts by 
only considering ecosystem damage. The approach presented accounts for the land 
resources occupied, in terms of its resource value, for the entire life-cycle of the product or 
service. In this case, all the urban land occupied on-site and off-site in the life-cycle of 
implementing a remediation scenario is considered as an additional scarcity-related impact 
category to land-use ecosystem damage.  
 
Remediating the land on-site can be achieved either by removing the contaminated soil or by 
treating it in-situ. If the contaminated soil is simply deposited elsewhere, there is no net 
benefit in terms of land availability, since the contamination ‘occupying’ the site is simply 
shipped to another site that is then occupied. However if the contaminated soil is remediated 
in-situ or ex-situ, then there is a benefit of freeing up space that would otherwise be occupied 
by the contaminated soil. The bigger the area occupied, and the longer the occupation time, 
the higher the impact. Hence the m2*yr. indicator is intuitively attractive for gauging the land 
competition impact. The addition of space should then be added to the inventory of land 
occupation throughout the life-cycle of the remediation scenario. The operational formula is: 
 
(Eq.1.) 𝑈𝑈𝑈 = ∑ 𝑈𝑈𝑈𝑖𝑖  
where ULO stands for ‘urban land occupation’ (in m2*yr.) and runs over all processes in the 
life-cycle. ULO includes the duration of occupation in the inventory input as the product of 
area by time (m2*yr.).  Therefore the temporal differences between remediation technologies 
are accounted for. Guinée (2002) and Guinée et al. (2002 and 2013) use a ‘land competition’ 
characterization factor of 1 in the CML2001 impact assessment method, since the impact of 
the area occupied and the duration of occupation already reflect the land-use impact. 
CML2001 has a single normalization factor for all land-use types. The normalization factor is 
based on the total land surface areas of the considered region (country, continent or world), 
minus protected areas, and then inverted. This gives: 
 
(Eq.2.) 𝑁𝑁 = � 1
𝑇𝑇
� 
where NF is the normalization factor, TA is total land of a region area minus protected areas 
in m2. The land competition impact then reflects the equivalent percentage of the ‘occupiable’ 
land used in the region (Huijbregts et al., 2003). The CML2001 normalization for Europe is 
then 1/3.27E12 or 3.06E-13 and reflects the scale of the occupation inventory with reference 
to the ‘occupiable’ land total in a region or globally. This is not comparable to the other 
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normalized impact categories in ReCiPe since it doesn’t include a per person annual 
inhabitant equivalent. In order to make the characterized results comparable to the other 
ReCiPe impact categories, it is necessary to include the equivalent urban land occupied per 
citizen (globally or for Europe depending on the geographical boundary used in the 
normalization factor of the other impact categories). The urban land occupation per person 
per year value for Europe is 332 m² and is calculated according to total urban land cover and 
urban population (EEA, 2006; Sleeswijk et al., 2008). The NF is then 1/332 or 3.01E-3. The 
NF reflects the average space occupied per inhabitant by the years of occupation. The land 
resource impact value is then reflected with the following formula: 
 
(Eq.3.) 𝑈𝐿 = (𝐴𝑡  × 𝐶𝑁 ×  𝑁𝑁) 
Or simply: 
 
(Eq.4.) 𝑈𝐿 = �𝐴 × 𝑡 × 1
𝑅
� 
where LR represents Land resource used as a per person annual equivalent unit, At is the 
inventory occupation function, CF is the characterization factor of 1,  NF is the normalization 
factor, A is the area (m2), t is time and R is the urban area per average inhabitant in Europe 
or globally. Eq. 3 shows how the inventory occupation function, Area (A) by time (t) is 
characterized (CF) and then normalized (NF). Since the CF is equal to 1 and NF is equal to 1 
over the average space occupied per inhabitant (R), the equation can be simplified to Eq. 4. 
3. Results 
The life-cycle inventory results for both alternatives are described below, followed by the life-
cycle impact assessment results using the amended ReCiPe method. The amended ReCiPe 
life-cycle impact assessment method includes an additional impact category, referred to as 
Land resource that accounts for the occupation of urban space during the life-cycles of the 
alternatives. An uncertainty analysis was performed on the results and is described below. 
3.1. Life-cycle Inventory Analysis 
The largest contribution for both alternatives is due to the energy required to capture, 
separate and treat the contaminant mass from the soil matrix. The accompanying 
supplementary information includes the contribution network diagrams for both alternatives. 
In EXC, 72.3 % of the overall single score impact is due to the thermal treatment of soil. In 
the MPE alternative, the use of electricity by the system during operation accounts for 48.4 % 
of the overall single score impact. 
Table 3-2 provides an overview of the total energy requirements in terajoules and the total 
CO2 emissions in tons of the two alternatives. The more aggressive remediation alternative, 
EXC, requires less energy but produces the most CO2 emissions. The scale of the difference 
in energy demand between the alternatives is not reflected in the emissions values and 
instead the differences in the CO2 emissions values are much larger than the cumulative 
energy requirements. The difference in the ratios between energy demand and CO2 
emissions can be explained by differences in energy sources, differences in the efficiency of 
the processes and the conversion of native carbon in the soil to CO2.  
 
Using electricity from the centralized grid in the MPE alternative requires a larger cumulative 
energy demand than the direct use of fossil fuels. The MPE system uses the electricity to 
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power the extraction pumps and treatment system. Electricity from the grid is derived 
indirectly from the generation source and a small percentage of the cumulative energy 
demanded is lost upstream, due to transmission and distribution, before it reaches the point 
of use. The electricity generation for the Belgian grid however, gives rise to less CO2 
emissions than fuel oil combustion for the equivalent unit of energy, since the energy mix 
includes natural gas, renewable energy sources and nuclear fission.  
 
The heat required by the thermal treatment facility, in EXC, is generated by burning fuel oil 
directly, therefore without transmission and distribution losses. The thermal treatment facility 
recuperates energy by burning volatized contaminants and loses very little heat during the 
treatment process. The trucks transporting the soil in EXC also derive energy directly from 
diesel combustion.  
With regard to the contaminant extraction processes, EXC converts the carbon fractions of 
the contaminant mass and a substantial percentage (around 65%) of the native soil carbon to 
CO2 in the thermal treatment process. MPE only converts the contaminant mass carbon 
fraction captured in the catalytic oxidation, granular activated carbon and separated oil 
sludge to CO2 and not the native soil carbon in the subsurface. This explains why the 
contaminant mass extraction process in EXC requires relatively little energy (2.4 terajoules) 
while producing an enormous amount of CO2 (10 770 tons). 
 
What is clear from Table 3-2 is that the transport of soil in EXC, requires a large amount of 
energy while producing a relatively little amount of CO2 in comparison to the other processes. 
Contaminant mass extraction in EXC is the opposite of transport in that it contributes the 
least in terms of energy required but contributes the most to CO2 emissions. The 
contaminant mass extraction process in MPE requires large amounts of energy while 
producing relatively little CO2 emissions. Although the short duration of EXC involves a more 
efficient contaminant extraction process, requiring approximately a twentieth of the energy 
demand required to operate the MPE system, EXC produces more CO2 due to the burning of 
fossil fuels and the conversion of part of the native carbon fraction in the soil. EXC would be 
more energy efficient if it were not for the transport of contaminated soil over a 110 km 
distance and instead if the site happened to be near a suitable thermal treatment facility. This 
would not however reduce the emissions caused by the conversion of the native soil carbon.  
 
Table 3-2: Cumulative energy demand and CO2 Emissions of Remediation Alternatives. The 
table presents a comparison of energy requirements for each alternative to total CO2 output 
of each alternative. Both alternatives will reach the same remediation target level. 
 Remediation Alternatives 
Energy Required in Terajoules Excavation and Ex-situ 
Thermal Desorption 
In-situ Multiphase 
Extraction 
Contaminant Mass Extraction 2.4 41.9 
Transport of Soil 36.2 0.0 
Other (including Assembly, Granular 
Activated Carbon and Disposal) 
3.1 3.0 
Total 41.7 44.9 
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 Remediation Alternatives 
CO2 Emissions in Tons Excavation and Ex-situ 
Thermal Desorption 
In-situ Multiphase 
Extraction 
Contaminant Mass Extraction 10770 1214 
Transport of Soil 2076 0 
Other (including Assembly, Granular 
Activated Carbon and Disposal) 
993 3085 
Carbon Fraction Converted 3482 199 
Total 17321 4498 
 
Table 3-3 shows the on-site and off-site land-use occupation and land-use transformation 
inventories for the alternatives. MPE occupies a larger area than EXC due to the duration of 
occupation on-site. The largest contributions to land-use off-site in the MPE alternative are 
areas occupied by energy extraction, generation and distribution. Road network occupation 
requires the most area off-site for the EXC alternative. Therefore the off-site land-use in EXC 
could be significantly reduced if the soil was sent to a thermal treatment facility nearby. 
 
In terms of land transformation, the alternatives vary only slightly since they both transform 
the same area on-site and little transformation occurs off-site. The largest contributor to land 
transformation off-site for both alternatives is due to the conversion of natural areas for fossil 
fuel extraction and mining. The EXC alternative consumes more fossil fuels and therefore the 
off-site transformation is larger than in the MPE alternative. In order to understand the trade-
off between energy efficiency, emissions and land-use, it is necessary to characterize and 
normalize the inventory results in a life-cycle impact assessment. 
 
Table 3-3: Land-use Inventories of Remediation Scenarios. The table presents the land-use 
contribution in terms of occupation and transformation for all land-use types throughout the 
life-cycles of the two remediation scenarios 
 Remediation Scenarios 
Area in m2  occupied by years 
of occupation (m2a) 
Excavation and Ex-situ Thermal 
Desorption 
In-situ Multiphase 
Extraction 
On-site 5750 172500 
Off-site 42719 25936 
Total 48469 198436 
   
 Remediation Scenarios 
Area in m2  transformed Excavation and Ex-situ Thermal 
Desorption 
In-situ Multiphase 
Extraction 
On-site 11500 11500 
Off-site 1680 481 
Total 13180 11981 
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3.2. Life-cycle Impact Assessment 
Figure 3-4 presents the normalized results from the ReCiPe Endpoint approach with an 
additional impact category Land resource. The Hierarchist default cultural perspective was 
selected. The three default cultural perspectives in ReCiPe account for uncertainties in the 
underlying timeframe in which the impacts will occur. For example, the Climate change 
impacts are considered within a time horizon of the next 20 years for Individualist 
perspective, 100 for the Hierarchist perspective and 500 years for Egalitarian perspective. 
The Hierarchist approach is the most commonly used cultural perspective (Goedkoop et al., 
2013).  
 
The energy usage and CO2 emissions contributions in Figure 3-4 are immediately apparent 
in the climate change impact categories. EXC substantially exceeds MPE in causing damage 
to both human health and ecosystems due to its climate change contribution. The amended 
assessment method reflects the trade-off between the aggressive approach (EXC) that 
produces larger impacts in all energy related impact categories and the in-situ approach 
(MPE) that has a larger impact on Land resource due to the longer remediation time. Urban 
land occupation is normalized along with agricultural land occupation and natural land 
transformation in terms of the annual ecosystem damage caused per person in Europe. The 
impacts in these categories are insignificant and do not reflect land competition as in the 
Land resource impact category. In scenarios that include many decades, centuries or even 
more than 1000 years, as in Lemming et al. (2010c), this impact would far exceed the 
impacts in the other impact categories. 
 
 
 
Figure 3-4: Life-cycle Impact Assessment of Remediation Scenarios - Normalized Results. 
The graph represents the normalized results of the life-cycle impact assessment per impact 
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category using the ReCiPe hierarchist method with an additional Land resource impact 
category. 
3.3. Uncertainty Analysis 
Figure 3-5 shows the results of the uncertainty analysis performed on the characterization 
results (Heijungs & Kleijn, 2001). The standard error included for the components that did not 
already exist in Ecoinvent was +/- 4% with a uniform distribution. All the inventory inputs from 
Ecoinvent include a predefined uncertainty factor and distribution which is typically 
lognormal. One thousand Monte Carlo (MC) simulation runs were performed for each impact 
category in each alternative and the histogram shows the percentages of runs where the 
impact of EXC is larger than the impact of MPE. Ten thousand MC runs were also performed 
generating the same result. Each impact category is represented in terms of the likelihood, 
that the impact of one of the two alternatives is greater than the other. For example in the 
Climate Change impact category, it is evident that there is 100% certainty that the impact for 
EXC is greater than that of MPE.  When Figure 3-5 is compared to the results in Figure 3-4 it 
is clear that there is 100% or almost 100% certainty for the impact categories with the largest 
normalized impacts apart from Land resource. Therefore it is certain that MPE performs 
better than EXC for Climate change Human health, Ozone depletion, Human toxicity, Climate 
change ecosystems and Fossil depletion. There is however some uncertainty with regard to 
the impact results of Freshwater eutrophication, Freshwater ecotoxicity and Agricultural land 
occupation, although when these results are normalized the impacts are relatively small. It is 
certain that EXC performs better than MPE in terms of Land resource. 
 
Figure 3-5: Uncertainty Analysis of Impact Assessment Results. The graph represents the 
uncertainty analysis performed on the characterized results in the life-cycle impact 
assessment of the two remediation scenarios. 
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4. Discussion 
Two important discussion points need to be addressed when assuming that there is a 
difference in the resource value of land over time. Firstly, depreciating land over time may 
not accurately reflect the change in utility of land over time in reality. An alternative approach 
would be to use economic valuation. Secondly, and perhaps the most relevant point to the 
case study in particular, is whether the results change significantly when alternative land 
valuation methods are applied and whether the benefit of ‘on-site space made available’ 
actually outweighs resource investments in terms of the necessary land consumption 
elsewhere and in terms of all other environmental impacts. This also raises questions with 
regard to how changes in the management of the technology or the technologies themselves 
would improve the LCA results. The two discussion points are addressed below. 
4.1. Economic Valuation  
The ‘quantity’ of urban land used could also be converted to its monetary equivalent in the 
characterization step, by using a monetary value (e.g. dollar or Euro) per m2 value. Economic 
valuation is used to standardize impacts in Cost-Benefit Analysis (CBA) for example, by 
attributing a measure (dollar value) that makes them directly comparable (Ahlroth & 
Finnveden, 2011; Pizzol et al. 2015). Characterizing the total urban area occupied according 
to its dollar value could even be argued to allow for the impact to be added to the broader 
Resource Surplus Cost end point in ReCiPe and normalized along with the other resource 
impacts categories; however this is debatable because equality of unit (here: dollar) does not 
necessarily mean additivity. In this case we would add the dollar value of land used with the 
hypothetical dollar increase of future resource extraction. A less debatable option would be to 
keep the surplus cost of resource extraction and the monetized land value separate.  
 
Monetary values of the land occupied throughout the life-cycle of the alternative could be 
based on local land market prices. However, using market prices throughout the land-use 
inventory would be enormously data intensive. As Pizzol et al. (2015) point out, in their state-
of-the-art review of monetary valuation in LCA, impacts in LCA are accounted for from a high 
level of abstraction and unlike CBA, are diffused spatially and temporally across the entire 
impact chain of a product or service life-cycle. The attributes of urban land vary largely from 
location to location and also change over time. The existing processes in Ecoinvent and 
other libraries are limited to relatively generic land-use classes and are not location specific, 
therefore all of the background data used from these libraries would need to be amended. 
Using local land prices is therefore not a viable solution. A more pragmatic approach would 
be to adopt a valuation mechanism that could provide a general idea of the cost to society of 
the urban land occupation of the alternative in monetary terms, by characterizing the 
inventory in the existing inventory structure.  
 
A way of doing this may be to emulate the observed preference approach developed by 
Goedkoop et al. (2013) in ReCiPe for deriving a dollar per kilogram value for precious 
metals. ReCiPe calculates a characterization factor CF (in dollars per kilogram) for the 
monetary value of precious metals based on the marginal cost in dollars of an additional unit 
(kg) consumed and the increase in annual yield using the following formula: 
 
(Eq.5.) 𝐶𝑁 = 𝑀𝐶𝑀𝑘𝑘 × 𝑃𝑘𝑘 × 𝑁𝑃𝑁𝑇 
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where MCI is the marginal cost increase (dollar per kilogram in the case of precious metals), 
P is the total annual production in kilograms per year of the resource and NPV is the 
dimensionless net present value function by time in years, allowing for costs accrued in the 
future to be discounted. When the logic behind this approach is applied to an urban region in 
deriving a dollar per square meter value, MCI could be calculated by considering the amount 
of urban space already occupied, the rate of urban sprawl and the general decrease in land 
value as one moves away from the urban center. The urban space already occupied is the 
total amount of land utilized annually, which also increases at a certain rate annually at the 
periphery. The increase in the reference area within a year would then be the marginal 
increase in quantity (in m2 or km2). The increase at the periphery due to sprawl also 
increases the distance from the urban center marginally. According to Cavailhes and 
Thomas, (2010) developable urban land in Belgium decreases by 2.7% per kilometer as the 
distance from the urban center increases.  
 
Such an approach would not account for the price heterogeneity in the real property market 
but may serve as a generic approximation of marginal urban land value. It would need to be 
empirically tested before being implemented to establish whether a generic function would 
indeed be a solution to deriving land values across the life-cycle chain and to determine a 
suitable degree of aggregation. 
4.2. Overall Land-use Efficiency 
According to the results presented in the life-cycle inventory and life-cycle impact 
assessment, EXC leads to greater impacts in all the standard ReCiPe impact categories. The 
proposed impact assessment amendments show that EXC yields the benefit of the site itself 
as a resource being available sooner. If the soil treatment facility were near to the site or in 
the Vilvoorde-Machelen area, the overall energy demand could be considerably reduced. 
However, since most of the CO2 emissions are due to the conversion of the pollutant and 
native carbon fraction in the soil, it would not significantly reduce the climate change impacts. 
The main environmental cost of removing the contamination faster is not in energy usage 
due to the application of heat, but is rather due to the additional emissions of volatizing part 
of the native carbon content of the treated soil. MPE, the slower approach, avoids this, yet at 
the same time occupies a larger area. The key to reducing the land-use impact of MPE is in 
the efficiency of contaminant mass removal process, which would reduce the remediation 
time. An in-situ thermal technology could desorb the contaminants in the subsurface faster; 
however this would require a considerably larger energy input and associated GHG 
emissions. 
5. Conclusions  
LCA offers value by determining the most environmentally efficient alternative and in 
identifying impact hotspots in the different phases of a product or service life-cycle. LCA 
studies in scientific literature to date reveal an inverse relationship between global emissions 
related impacts and the duration of remediation, without reflecting the implications of long 
duration alternatives. Remediation duration has consequences for the local community living 
around the site and those who would otherwise benefit from occupying the site. The Land 
resource impact category normalized according to average urban space per person yearly 
allows for this impact hotspot to be reflected in the results. The results show that a more 
energy intensive, shorter duration alternative could entail greater environmental costs off-site 
including land occupation and transformation. A further step toward understanding the true 
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costs and benefits of remediation duration would be to compare the economic costs and 
benefits of off-site land-use to that of freeing up the site. Land resource use could then be 
considered along with other resources at endpoint. Valuing land occupation economically 
throughout a life-cycle is however still a challenge from a pragmatic standpoint. 
The importance of representing land as a finite and scarce resource is relevant to both the 
brownfield remediation context and the broader urban context. Only considering ecosystem 
damage on urban land does not account for the social and economic opportunity cost of 
processes that could otherwise be more land-use efficient. Commitments to urban 
intensification require spatial planning that optimizes surface space (Block et al., 2012, 
McCormick et al., 2013). Life-cycle assessment should be a tool that includes this criterion 
along with environmental damage, human health impacts and the depletion of other valuable 
resources.  
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Chapter 4: Social Amenity Proximity Analysis for Sustainable Brownfield 
Redevelopment Planning 
 
Idle brownfields in urban settings are potential resources that could be put to productive use, 
meeting the goals of urban intensification, helping to curb urban sprawl on the peri-urban 
periphery and benefiting communities living around sites. Various decision support tools exist 
in order to evaluate redevelopment scenarios. Spatial decision support systems have 
recently been developed to aid in evaluating the implications of the physical attributes of 
redevelopment scenarios, with a limited focus on the proximity of essential amenities to the 
local community (Thomas, 2002; Carlon et al., 2007; Schädler et al., 2011, 2012, 2013, 
2014). The application of proximity analysis in this context supports stakeholders in 
determining which social amenities are furthest from the local community and the extent to 
which including such amenities on-site would benefit the local community. The chapter 
presents a GIS-based social proximity analysis method specifically developed for this 
purpose. The distribution of walking distances along the road network for local households is 
compared to scenarios in which specific social amenities are included on-site. The method is 
demonstrated with an abandoned brownfield case study in the Flemish region of Belgium. 
The local community would benefit most from having a doctor and pharmacy on-site. The 
inclusion of other amenities on-site such as employment, schools, green space, meeting 
places and shops also shortens walking distances along the road network for the local 
community but to a limited extent in comparison to a doctor and pharmacy. Network travel 
distance is an indicator that is easily understood by stakeholders and the approach lays the 
foundation for more detailed analysis with the inclusion of frequency of visits. 
1. Introduction  
The definition of brownfields most commonly used in scientific literature is derived from the 
United States Environmental Protection Agency’s Brownfields Economic Redevelopment 
Initiative. The definition refers to brownfields as “abandoned, idle or underused industrial and 
commercial facilities where expansion or redevelopment is complicated by real or perceived 
environmental contamination” (USEPA, 1996; Thornton et al., 2007). A commonly accepted 
definition does not yet exist within the European Union and what constitutes a brownfield 
varies between member states. In some states the term is extended to include abandoned 
sites that are not necessarily contaminated (Oliver et al., 2005; Ramsdem, 2010; Hartmann 
et al., 2014). Nevertheless, there is a consensus in the European Community that the 
redevelopment of abandoned urban sites serves the objective of sustainable urban 
development (European Commission Directorate-General for Regional Policy, 2009). The 
approach described here is intended to assist stakeholders in deciding on what to include on 
such sites and applies equally to contaminated and uncontaminated abandoned sites. 
 
The scale of abandoned areas in urban centers and the potential benefit of utilizing these 
spaces highlight the need for such tools. In the Flemish region of Belgium, the number of 
brownfield sites is estimated to be around 53,000 and is equivalent to a total area of 55 
square kilometers (Oliver et al., 2005). Redeveloping such sites is beneficial in terms of the 
regional context by adding to the supply of available urban land and allows for more compact 
concentric and poly-centric urban zones (Laprise et al., 2015). Brownfield redevelopment 
also benefits the local communities around such sites in terms of increasing local property 
values and generally improved livability, as well as reducing the dependence on transport 
networks (Talen et al. 2013). The important questions that need to be addressed are what to 
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include on-site to best serve the local community, how the feasible alternatives can best be 
communicated to local stakeholders and to what extent the alternatives are sustainable 
(Norrman et al., 2016). 
 
The perspective adopted here presumes the location under consideration is “fixed”. Unlike 
tools that compare alternative sites as potential siting locations for a business venture or real 
estate development project, the method evaluates the potential for different redevelopment 
alternatives for a specific site. Compact urban development planning is supported by 
evaluating how network travel distances to essential amenities can be shortened for those 
living around abandoned brownfields. The proximity to essential amenities is determined for 
the local community living around the site and compared to scenarios in which amenities are 
included on-site. The social indicator concept and existing approaches are briefly described 
in order to show how the method contributes to the current state of the science. 
1.1. Social Indicators 
The term “social indicator” was coined by Raymond Bauer in the mid-1960s in work 
performed for NASA on the anticipated societal impacts in the US Space Program. The 
concept later evolved through the work of the OECD and Social and Economic Council of the 
United Nations, into welfare and well-being based statistics that could be used as alternative 
measures of progress to that of indicators based on economic growth and material 
prosperity. This alternative conception of progress reflected the political agenda of the 
“Social Indicator Movement” (Noll, 2004). Social indicators became the means of determining 
the “quality of life” of a given society encompassing measures of living conditions and areas 
of social concern. Social indicators could then be used to monitor change and to assist in 
policy agenda setting on regional and national scales. The advent of the concept of 
“sustainable development” during the early 1990’s extended the conception of “quality of life” 
to include the consideration of future generations. Social indicators were originally intended 
to gauge progress on regional and national levels but at present are also applied at city, 
community and household levels. The European Environmental Agency defines social 
indicators as measures of progress in terms of the following objectives: promoting 
employment, combating poverty, improving living and working conditions, combating 
exclusion and developing human resources (EEA, 2015). This scale is commonly used in 
urban planning research and particularly for urban renewal planning (Colantonio et al., 2009). 
The brownfield redevelopment decision support tools discussed here, have applied the 
concept to the community spatial and functional scale in considering people living on or in 
the immediate vicinity of a brownfield. The spatial social indicators in existing tools value 
physical facets of the built environment and reflect the impact categories that are discussed 
in spatial planning literature. In other words the unit of analysis is the landscape itself and 
this is aside from perceptual analysis included in other approaches (Pediaditi, 2010; Ryan, 
2011). 
1.2. Existing tools 
Two broad categories of sustainable brownfield redevelopment tools exist; indicator based 
multi-criteria analysis (MCA) tools and stakeholder participation frameworks. The indicator 
based MCA tools can be further categorized into tools that include spatially explicit indicators 
and those that don’t. The tools that include spatially explicit indicators differ slightly by relying 
on automated computational processes in translating spatial data into indicator values. None 
of the tools to date are exclusively focused on determining the proximity of amenities to the 
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local community, and instead, each of the tools includes at least a few proximity based 
indicators. Table 4-1 shows the indicators included in the existing tools. The selection reflects 
tools described in scientific literature, which focus on brownfields and include spatial based 
social indicators. 
Table 4-1: Proximity based indicators in sustainable brownfield redevelopment decision 
support tools in scientific literature to date. 
The Sustainable Brownfields Redevelopment (SBR) Tool and SIPRIUS, were designed to 
compare alternative redevelopment scenarios ex post, although it would be possible to apply 
them as ex ante. SBR is a retrospective tool for evaluating the success of completed 
brownfield redevelopments (Wedding and Crawford-Brown, 2007). All 40 indicators in the 
tool, including the proximity indicators, are normalized to a percentage by dividing the 
indicator values for the redeveloped site by the values of the site prior to redevelopment. The 
results are then weighted using the analytical hierarchy process (AHP). The internal 
normalization allows a range of different indicators to be compared along with the proximity 
indicators, which include factors such as property value increases, tax revenues from the 
site, energy saving and environmental health risks. 
 
SIPRIUS is a digital monitoring tool that also combines a range of indicators together with the 
proximity indicators (Laprise et al. 2015). As opposed to normalizing impacts according to the 
change brought about on-site, each of the 41 indicators are compared to a scale of reference 
that represent a minimum threshold, a national average value, a desired target value and a 
best practices value. The indicator results are evaluated individually. Reflecting the 
implications of each indicator individually, as opposed to normalizing and aggregating the 
results, avoids losing the sense of absolute scale. 
 
The approach developed by Thomas (2002) addresses the question of optimizing brownfield 
redevelopments in terms of land-use siting decisions. The approach is coupled to a 
geographical information system (GIS) tool called Smart Places and determines the optimal 
land-use for a selection of un-used brownfield sites within a region. The potential land-use 
allocations include industrial, commercial, residential or agricultural land-use. Each site is 
evaluated according to 30 indicators, 12 of which are proximity based calculations. The 
Smart Places component is used to map the brownfields considered. 
 
Tool Authors Indicators
Smart Places Thomas, 2002 Percentage of work force within 30 minutes of site
Percent of new employees who live in the local region
Net jobs created per acre
Walking distance to green space in minutes
Walking distance to cultural amenity in minutes
Walking distance to restaurant/grocery store in minutes
Primary school in walking distance
Local amenities in walking distance
LEED-ND Talen et al., 2013 Housing and jobs proximity
Neighborhood schools
Access to civic public spaces
Access to recreation facilities
Net employment density
Proximity of school facilities
Proximity of commercial facilities
Proximity of recreational facilities
SIPRIUS Laprise et al., 2015
MMT Schädler et al., 2011, 2012, 2013
SBR Wedding & Crawford-Brown., 2007
Chapter 4: Social Amenity Proximity Analysis for Sustainable Brownfield Redevelopment Planning 
 
63 
 
The Mega-site Management Tool (MMT) determines optimal brownfield redevelopment 
scenario designs for the specific site in question (Schädler et al., 2011, 2012, 2013). The site 
is divided into land-use parcels or ‘planning units’. Each planning unit can potentially be 
allocated one of three land-use types: residential, recreational or industrial. An algorithm 
generates all the possible combinations of mixed land-uses that can be included on-site and 
then evaluates each according to a set of 23 Boolean indicators. The spatial indicator results 
are evaluated according to threshold values. The proximity indicator threshold is 500 meter, 
which is considered to be ‘within walking distance’. 
 
LEED-ND is a certification system to determine the extent to which an area is suitable for 
urban redevelopment (Talen et al., 2013). The method is based on a checklist of 56 
indicators that can be used to compare the suitability of different sites within a city or urban 
center. The proximity based indicators listed in Table 4-1, are evaluated in terms of whether 
a land parcel is within reach of an amenity by foot, along the street network. The walkable 
threshold is 0.25 miles (402 meters). The work of Talen et al. (2013) is the expansion of the 
green building principles toward urban design considerations.  
 
Out of the tools that include spatially explicit indicators, only the MMT tool uses an 
automated computation process to derive a result. Smart Places and LEED-ND only use GIS 
to graphically illustrate results. The existing approaches generally evaluate on-site scenarios 
in terms of what they provide for on-site. Proximity to amenities has only been measured in 
terms distance from the site and not households around the site and only in terms of meeting 
a threshold value. The method demonstrated in this chapter allows the user to understand 
the nominal scale results of the proximity indicators for the entire community around the site. 
Therefore the implications for the neighboring community of different site redevelopment 
scenarios are made explicit. 
1.3. Proximity Analysis 
Proximity analysis can be performed with standard GIS platforms using a combination of 
tools that locate the nearest feature and determine the transport infrastructure distance 
between features. Both these operations are performed in the Huff model and in ArcGIS 
Location-allocation analysis, in order to pinpoint the most suitable location for siting a 
business (Huff & McCallum, 2008). The Huff model determines the probability of patronage 
from the adjacent areas. Such approaches are also described as gravity-based modeling. 
The potential spatial extent of the customer base is determined for comparable and 
competing features.  
 
Unlike choosing the best location for siting a business venture, the focus of the method in 
this chapter is on what can be done with an idle site to best serve the community, addressing 
social amenities in particular. The approach presented here focuses exclusively on the 
network distance to amenities for residents around the site, without considering the 
competing ‘gravitational forces’ between the same types of amenities. Each household is 
allocated the nearest amenity along the road network. The approach is the most relevant to 
assessing idle brownfield redevelopment scenarios on a case by case basis. 
2. Methods 
Indicators are used to evaluate the impact of including different amenities on-site in terms of 
a reduction in walking distance for local residents along the road network. The indicator 
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results are analyzed in two steps. Firstly, the relative importance of the different amenities is 
compared by aggregating the distributions into a mean and comparing it with the national 
average. Secondly, the extent to which the distribution of walking distances along the road 
network for local residents are decreased by including amenities on-site, is evaluated 
providing more detail to the first step. 
 
The calculations were performed using a combination of GIS software platforms including the 
VITO Ruimtemodel and ArcMap 10.3.1. A full description of the calculation procedure can be 
found in Appendix 4 and a table listing all the software required is included in Table A4-2.  
2.1. Social Amenities 
A survey of scientific literature on urban renewal and sustainable urban development 
identified six key social impact areas. The impact categories include 1) Accessibility and 
Mobility, 2) Community Health and Safety, 3) Human Capital, 4) Livability and Convenience, 
5) Social Cohesion and 6) Urban Aesthetics. The indicators in each category are listed in 
Table 4-2. 
Table 4-2: Impact categories, indicator goal definitions, similar indicators included in existing 
indicator sets and indicators considered in method. 
 
 
Seven amenities were identified that support the social functioning of a community and the 
indicator goals listed in Table 4-2. Accessibility and Mobility is considered implicitly by 
measuring the distance to amenities. Improvements in the transport infrastructure would 
allow greater access to local amenities in terms of reducing network travel distance however 
Impact Category Indicator Goal Definition Indictors Included Existing Indicator Sets Spatial Indicators
Access and Mobility Ease with which community 
members are able to reach 
different locations on the 
redeveloped area via various 
transport possibilities (Morris et al., 
1978)
Newman,1999                                  
Repetti & Desthieux, 2006             
Romano O. & Ercolano, 2013
Implicit in proximity analysis
Travel Distance to Doctors
Travel Distance to Pharmacies
Travel Distance to Employment
Travel Distance to Schools
Travel Distance to Green Spaces
Travel Distance to Meeting Places
Livability and Convenience Ensure community can acquire 
essential daily consumables 
(Newman, 1999; van Kamp et al., 
2003).
Colantonio et al., 2009                                
Newman, 1999                                 
Repetti & Desthieux, 2006 
Travel Distance to Shops
Urban Aesthetics Spatial configuration of the physical 
landscape that limits negative 
sensory experiences and ads to 
the sensory appeal of a built 
environment (Berleant and Carlson, 
2007).
Repetti, & Desthieux, 2006           
Romano & Ercolano,  2013
Not included here
Colantonio et al., 2009                  
Newman, 1999                              
Romano & Ercolano, 2013
Colantonio et al., 2009                 
Newman, 1999 
Colantonio et al., 2009                     
Phillips, R. & Stein, 2013                 
Repetti, A. & Desthieux, 2006 
Human Capital Provide the opportunity for 
community members to acquire 
the necessary marketable skills, 
employment experience and 
education that would allow them to 
participate in the labor market and 
add economic value to an activity 
(Ostrom, 2000; Roseland, 2000).
Preserve the physical well-being of 
community members by protecting 
them  from unacceptable risks 
related to the state of the local 
environment and by ensuring 
adequate access to medical 
assistance when necessary 
(Marans, 2015)
Community Health and Safety
Social Cohesion Support the healthy and functioning 
civil life of a community that is 
brought about by positive social 
interactions, strong interpersonal 
bonds, communal solidarity and a 
sense of belonging to the 
community amongst its members 
(CCSD, 2000; Chan & Chan, 
2006).
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changes in transport infrastructure are beyond the scope of the method. Community Health 
and Safety in the existing frameworks focus on exposure to traffic emissions, which is also a 
function of proximity to highways and high traffic zones (Newman, 1999; Romano and 
Ercolano, 2013). Emissions are also a factor of the road network design and cannot be 
entirely reduced by the on-site spatial design. Accessibility and Mobility and Community 
Health and Safety also overlap in terms the potential for road accidents. High traffic volumes 
and speeds result in greater pedestrian accidents (Southworth, 2005; Loukaitou-Sideris, 
2006). Reducing dependence on automobiles and allowing for walkable urban areas would 
also reduce the associated risk of pedestrian accidents; however this is also beyond the 
scope of this study. Medical assistance is another factor considered in this category and two 
indicators are distance from doctors and distance from pharmacies. The existing brownfield 
redevelopment tools (Table 4-1) do not consider doctors in the vicinity of the site in question 
although it is an important indicator in urban renewal literature (Colantonio et al., 2009). The 
existing tools consider distance to employment and education which support the 
development of Human Capital (Ryan, 2011). Areas for commercial activity and shops are 
also included in both urban renewal and existing tools and fit into the category of Livability 
and Convenience. Social Cohesion is the last impact category considered and includes 
indicators of the accessibility to areas that support social interaction and provide for a sense 
of place amongst community members (Ryan, 2011, Stedman, 1999). Urban aesthetics are 
not specifically considered. Green space is included under Social Cohesion and provides 
recreational opportunities and potential social interaction, although green space also 
supports urban aesthetics (Smardon, 1998; Freeman; 1999; Philipp, 2001; Nohl, 2001; 
Herbst & Herbst, 2006; Phillips & Stein, 2013). 
2.2. Radius of Influence 
The impacts to the local community living around a potential brownfield redevelopment are 
considered within a defined spatial area. A buffer around the brownfield in question isthe 
spatial extent considered (Malczewski, 1999). The buffer is referred to here as the ‘radius of 
influence’ (ROI) because the local residents within the buffer are influenced by the 
redevelopment scenario on the brownfield in the center of the buffer. The approach 
considers the extent to which having a particular social amenity on-site will bring the local 
community residents, within buffer, closer to such amenities. Amenities within and outside 
the buffer are considered. The buffer simply defines the extent to which residents located 
around the site are considered. 
 
The ROI used for the case study is 1 kilometer (km). The choice of 1 km as the radius extent 
is based on social amenities generally being within a kilometer of the average Flemish 
household according to the calculations performed for this research (see Figure 4-1). A 
detailed step by step explanation of the calculation procedure is included in Appendix 4. 
Figure 4-1 is a cumulative distribution graph of distances from each household in Flanders to 
the nearest amenities considered. More than 50 % of the Flemish population lives within 1 
km of all of the amenities considered, apart from pharmacies. The primary question 
addressed by the method is whether the brownfield happens to be located in a community 
within the average national distance to social amenities and the extent to which including 
such amenities on-site shortens their network travel distance. 
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Figure 4-1: Cumulative distribution of road network distances from households in Flanders to 
social amenities in 2011. Data from VITO’s Ruimtemodel was used for the calculations (Van 
Esch et al., 2011). More than 50% of all households are within a kilometer, along a road 
network of each of the amenities considered apart from pharmacies. The calculations used to 
generate the graph are briefly described in the text below and in more detail in Appendix 4. 
 
The distance to the nearest amenity along the transport network is calculated for each 
resident within the ROI. The calculation is performed separately for each of the seven 
indicators. Two raster layers are combined in this operation. The first raster layer represents 
the distance to the nearest amenity for each grid cell within the ROI. The nearest amenity 
may lie within the 1 km boundary or beyond it. The raster layer represents distance values 
for the grid cells that lie within the ROI and may refer to amenities at different locations 
depending on which is closest to each individual grid cell. The cells beyond the ROI 
represent ‘no data’. The second raster layer represents the number of residents for each grid 
cell within the ROI. The two layers are multiplied using Hadamard multiplication. The result is 
a layer representing distance to the nearest amenity per resident per grid cell. The 
calculation is performed a second time with the site included as the amenity in question. The 
distance to the closest amenity when included on-site is compared to the present idle site 
scenario for each resident. Distribution curves for both amenities on-site and the idle site can 
then be compared for each type of amenity. The distance value for all residents is summed 
and divided by the total population within the ROI to determine a mean distance for the ROI. 
A mean of the ROI avoids having to determine a rate of decay as one moves away for the 
site.   
 
The distribution curves in Figure 4-1 were calculated in a similar manner by simply extending 
the distance per resident raster layer to include the entire state or region. In other words, the 
same produce is applied to maps of the entire Flemish region. Again two layers need to be 
combined; 1) a raster layer showing the distance of each grid cell to the nearest amenity 
along the road network for the entire region 2) and a raster grid representing residents per 
cell for the entire region. Appendix 4 includes more detail on the calculation procedure. 
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The method is applied to a case study in Flanders, Belgium in order to illustrate how the 
results are interpreted, the extent to which such an approach is useful and its potential 
weakness. 
3. Case study and Results  
3.1. Case Study 
Alvat Buggenhout is a 4.6 hectare abandoned brownfield, 24 kilometers north-west of 
Brussels city center, adjacent to the Scheldt River (Figure 4-2). The site is surrounded by 
residential housing and agricultural crop land. To the south of the site are several active 
industrial sites. The Scheldt River separates a large area within the radius of influence from 
the site. The area on the opposite side of the river from the site is an uninhabited green area. 
The site was a former chemical container restoration facility. The on-site operations resulted 
in the subsurface being heavily contaminated with a range of different solvents and heavy 
metals. Those living around the site would benefit from having the site remediated, the 
dilapidated buildings removed and the site put to use. In its present state, the site is of no 
benefit to those living around it and revitalizing it would generate value for the local 
community in terms of both providing services and increasing the local real estate market 
values. The site would need to be remediated prior to redevelopment. Figure 4-2 shows 
where the local residents are located within the ROI. 
 
 
Figure 4-2: Alvat Buggenhout brownfield within 1 kilometer radius and resident locations.  
The Alvat Buggenhout case study site (red fill) is  at the center of the ROI (outlined in yellow). 
The location of households within and outside the radius of influence are represented by 
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points. The points reflect the number of residents per household in a graduated color ramp 
from dark red (representing one resident per location) to light yellow (representing 11 
residents per location). 
3.2. Radius of Influence Results 
Including the different amenities on-site brings the average local resident closer to each of 
the different amenities. One might assume that all amenities would be at the same average 
proximity when included on-site. This is not the case since the indicator metric is of the 
nearest amenity to each cell in the ROI; therefore it is possible that people living on the 
periphery of the ROI may be nearer to amenities outside the ROI than to the brownfield site. 
This can best be explained by looking at the heat map for the ‘network travel distance to 
doctors’ indicator. Figure 4-3 (top image) shows that a doctor already exists within the ROI to 
the south west of the site. The road network immediately around the existing doctor is 
already illuminated and including a doctor on-site (bottom image) does not influence the 
households around the existing doctor. In other words, they are not brought nearer to a 
doctor. The households to the east of the site are however brought closer to a doctor by 
having one included on-site and the road network is therefore illuminated. The extent to 
which the average households are brought closer to the amenities is dependent on where 
existing amenities are located and this varies between the different amenities. 
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Figure 4-3: Heat map representing proximity to doctors along road network. The current 
location of doctors (green circles) are represented in relation to the site (in yellow center) and 
radius of influence (yellow circle), with road network pixels representing proximity to doctors. 
Top map represents site without doctor and bottom map represents site with a doctor 
included on-site. The color scale represented in black for very distant or no road network 
through red to white representing very nearby along road network. 
The results of having the different social amenities on-site are represented in Figure 4-4 and 
Figure 4-5. Figure 4-4 is an overview of the network distance calculation results represented 
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in a radar diagram. Figure 4-5 provides more detail in terms of how the distribution of 
distances across the ROI is affected by including the different amenities on-site.  
3.2.1. Results Overview 
The radar diagram allows the results of the different indicators to be represented in one 
graph. The relative changes brought about by including the different amenities on-site are 
reflected in terms of distance. The axes therefore reflect distance. The changes in network 
travel distance to amenities for the average resident within the ROI are represented for the 
present idle site scenario (yellow wedges) and when amenities are included on-site (orange 
wedges). The  mean for the entire Flemish region is represented with the broken green line. 
 
 
Figure 4-4: Radar diagram representing all social amenity indicators together. The axes 
represent the distance to the nearest amenities in meters. The yellow wedges represent the  
mean network travel distance for local residents in the ROI for the present idle site scenario 
and the orange wedges represent the  mean network travel distance for local residents in the 
ROI when the different amenities are included on-site. The green broken line represents the  
mean network travel distance for the Flanders region. 
 
The greatest changes in the radar graph in Figure 4-4 are due to the inclusion of a doctor 
and pharmacy on-site, followed by a school and then shops. A slight change is brought about 
by including a meeting place on-site and very little to no change occurs as a result of 
including green space and employment on-site. In terms of the national mean (green broken 
line), the site is well located with the average resident being below the Flemish average for 
all of the amenities except schools. The Flemish average is less insightful than considering 
the entire distribution which also reflects outliers in isolated rural areas. Figure 4-5 provides a 
closer look at the distributions of walking distances along the road network for Flanders and 
the distribution of distances amongst residents in the ROI. 
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3.2.2. Distribution curves 
Figures 4-5 through to 4-11, are the results of the ROI indicators. The top graphs for each 
indicator shows the national cumulative distribution curve reflecting the percentage of the 
population within the different distances (blue curve) for Flanders. The change in distance for 
the average local resident is reflected by the shift in the weight arithmetic mean from the 
present state of the site (vertical red line) to a scenario where the amenity in question is 
included on-site (vertical green line). The bottom graph of each indicator shows how the 
distribution of the ROI changes when the amenity in question is included on-site with a shift 
from the present distribution (red curve) to the future distribution (green curve). All of the 
graphs include the cumulative percentage of the population on the y-axes and the range of 
travel distances on the x –axes, beginning from 0 through to 4 km. 
 
 
Figure 4-5: Radius of influence results. The Distance to Doctors indicator is represented in 
two graphs that show a shift in walking distances along the road network from an idle site to 
including the amenity on-site. The top graph represents how the mean walking distances 
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along the road network to doctors shifts (from red vertical line to green vertical line) along the 
national distribution curve (blue). The bottom graph shows a distribution curve for people in 
the ROI around the site (from red to green) in terms of their walking distances to doctors 
along the road network. 
 
Figure 4-6: Radius of influence results. The Distance to Pharmacies indicator is represented 
in two graphs that show a shift in walking distances along the road network from an idle site 
to including the amenity on-site. The top graph represents how the mean walking distances 
along the road network to pharmacies shifts (from red vertical line to green vertical line) 
along the national distribution curve (blue). The bottom graph shows a distribution curve for 
people in the ROI around the site (from red to green) in terms of their walking distances to 
pharmacies along the road network. 
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Figure 4-7: Radius of influence results. The Distance to Employment indicator is represented 
in two graphs that show a shift in walking distances along the road network from an idle site 
to including the amenity on-site. The top graph represents how the mean walking distances 
along the road network to places of employment shifts (from red vertical line to green vertical 
line) along the national distribution curve (blue). The bottom graph shows a distribution curve 
for people in the ROI around the site (from red to green) in terms of their walking distances to 
employment along the road network. 
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Figure 4-8: Radius of influence results. The Distance to Schools indicator is represented in 
two graphs that show a shift in walking distances along the road network from an idle site to 
including the amenity on-site. The top graph represents how the mean walking distances 
along the road network to schools shifts (from red vertical line to green vertical line) along the 
national distribution curve (blue). The bottom graph shows a distribution curve for people in 
the ROI around the site (from red to green) in terms of their walking distances to schools 
along the road network. 
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Figure 4-9: Radius of influence results. The Distance to Green Areas indicator is represented 
in two graphs that show a shift in walking distances along the road network from an idle site 
to including the amenity on-site. The top graph represents how the mean walking distances 
along the road network to green areas shifts (from red vertical line to green vertical line) 
along the national distribution curve (blue). The bottom graph shows a distribution curve for 
people in the ROI around the site (from red to green) in terms of their walking distances to 
green areas along the road network. 
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Figure 4-10: Radius of influence results. The Distance to Meeting Places indicator is 
represented in two graphs that show a shift in walking distances along the road network from 
an idle site to including the amenity on-site. The top graph represents how the mean walking 
distances along the road network to meeting places shifts (from red vertical line to green 
vertical line) along the national distribution curve (blue). The bottom graph shows a 
distribution curve for people in the ROI around the site (from red to green) in terms of their 
walking distances to meeting places along the road network. 
 
Chapter 4: Social Amenity Proximity Analysis for Sustainable Brownfield Redevelopment Planning 
 
78 
 
 
Figure 4-11: Radius of influence results. The Distance to Shops indicator is represented in 
two graphs that show a shift in walking distances along the road network from an idle site to 
including the amenity on-site. The top graph represents how the mean walking distances 
along the road network to shops shifts (from red vertical line to green vertical line) along the 
national distribution curve (blue). The bottom graph shows a distribution curve for people in 
the ROI around the site (from red to green) in terms of their walking distances to shops along 
the road network. 
 
Again at a first glance the largest changes amongst all the graphs are brought about by 
including a doctor and/or pharmacy on-site. Including a school, meeting place and/or shop 
on-site reflect a more moderate change. Providing employment and green space on-site has 
relatively little influence on the network travel distance for the local community. 
 
The top graph for the pharmacies indicator (Figure 4-6) shows that including a pharmacy on-
site will reduce the mean distance by approximately 360 meters (m) from approximately 1095 
m to approximately 735 m. This means the average local resident living around the site is 
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approximately 360 m closer to a doctor along the road network. The reduction is equivalent 
to a shift along the cumulative distribution curve from 44% of the Flemish population to the 
top 22% of the Flemish population. The average resident is therefore already within the 
Flemish medium below 50%. 
 
The top graph for the doctor amenity indicator (Figure 4-5) shows that including a doctor on-
site reflects the second largest reduction in the network travel distance of approximately 280 
m for the average ROI resident. The mean distance at present is approximately 1080 m and 
including a doctor on-site will reduce this to approximately 800 m. When considering the 
national distribution, the average local inhabitant is at a network travel distance to a doctor 
equivalent to what 61% of the Flemish population is within. Including a doctor on-site, shifts 
the average local inhabitant’s network travel distance to what the top 44% of the Flemish 
population falls within. The average resident therefore moves from above the Flemish 
medium to within the Flemish medium. 
 
The bottom graphs for each amenity representing the shift in distribution of distances for the 
ROI residents provide more detail in terms of values that contribute towards the mean 
values. The ROI distribution curve in the pharmacies indicator (Figure 4-6) shows that 75 % 
of the population is within approximately 1600 m and including a pharmacy on-site reduces 
the distance to approximately 970 m and therefore a change of approximately 630 m. The 
shift in network travel distance for the 25% of the population closest to existing pharmacies is 
from approximately 600 m to approximately 495 m and therefore a change of approximately 
105 m. The shift indicates that the most benefit in terms of reduced network travel distance 
will be experienced by 75% of local residents at a distance of around 1600 m to their nearest 
pharmacy.  
 
The shift in the ROI distribution for the doctor amenity (bottom graph Figure 4-5) also reflects 
the most benefit of a reduction in walking distances along the road network being 
experienced by 75% of the population. 75% of the population will shift from being within 
approximately 1400 m to being within approximately 995 m and therefore a change of 
approximately 405 m, which is a less significant change than in the pharmacies indicator. 
The reduction in network travel distance for the closest 25 percent of the population is a shift 
from approximately 770 m to approximately 585 m and therefore a change of approximately 
185 m. 
 
The next largest shift in the mean along the national distribution curves is in the school 
amenity indicator (Figure 4-8) and the average resident goes from a network travel distance 
of approximately 1300 m to 1120 m and therefore a reduction of approximately 180 m. The 
average resident goes from being equivalent to 68% of the Flemish national population to 
58% of the national population. The ROI graph shows that the most benefit in terms of 
reduced network travel distance is experienced by the 25% of the ROI population already 
within approximately 1000 m of a school. The results of the meeting place amenity (Figure 4-
10) are similar in that there is a shift in the average residents network travel distance when 
including a meeting place on-site; however the greatest benefit in terms of reducing network 
travel distance is to those who are already within approximately 500 m of a meeting place. 
 
The inclusion of shops on-site (Figure 4-11)represents a relatively small shift in the mean 
along the national distribution curve from approximately 750 m to approximately 615 mm 
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which is a shift from the average resident being equivalent to 50% of the Flemish population 
to being equivalent to the top 35% of the Flemish population. The ROI distribution curve 
reflects the whole distribution shifting more or less evenly with a slightly greater shift 
occurring in the 75th percentile of the graph (for 75% of the population cumulatively). 
Therefore including a school on-site will benefit everyone on-site with those furthest away 
from a school benefiting slightly more than the rest of the residents in the ROI. 
 
For the employment and green space amenities (Figures 4-7 and 4-9 respectively), there is 
very little change in both the graphs representing the change in mean and the change in the 
ROI distribution.  The site and the neighboring community are well located in terms of the 
distances to the nearest employment and green spaces and including these amenities on-
site will be of little benefit to the local community in terms of reducing their necessary travel 
distance. 
 
In conclusion, the largest reduction in network travel distance for most of the population 
(above 75 cumulatively), will be brought about by including a doctor and/or pharmacy on-site. 
A school on-site will only really benefit those in the ROI that are already relatively close to a 
school. A shop on-site will benefit the entire community but the absolute change in distance 
is nominal. Employment, meeting places and green space will provide very little benefit if any 
in terms of reduced network travel distance for local residents. 
4. Discussion 
The discussion section addresses the potential short-comings of the method, where it can be 
further developed and its relevance to other areas of application.  
4.1. Extent of ROI 
Two conditions need to be considered when centering and defining the spatial extent of the 
ROI, namely 1) the size of the brownfield site and 2) the dispersal of amenities in the 
surrounding area. Some brownfields are far larger than the Alvat Buggenhout example used 
here. Petroleum Zuid in Antwerp, for example, is 103 ha. In the Petroleum Zuid case, a third 
of the ROI (drawn from the center of the site) would be occupied by the site itself. The exact 
location of amenities on large brownfields redevelopment scenarios could vary greatly. In this 
case, it would be necessary to specify exactly where the different amenities will be located 
on-site in the redevelopment scenario, the on-site transport network and site access points. 
The 1 km ROI could then be centered on the future location for each amenity separately. 
 
With regard to the densely populated urban areas where many amenities already exist within 
a 1 km radius of a site; the method would only generate noticeable changes in proximity for 
those residents immediately around the site. In such cases it may be useful to generate 
results based on a smaller ROI. Another approach would be to determine the extent of the 
ROI based on the average capacity of local amenities. Therefore the ROI is extended from 
the site up until a boundary that includes a population size that can be accommodated by the 
specific amenity. This approach would require the additional step of collecting capacity data. 
It is also possible that in rural areas with small populations, the ROI would have to be very 
large. Beyond a certain extent a large ROI is not informative and shows only incremental 
changes per percentage of the population. 
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4.2. Amenity Sub-categories 
The capacity of services like doctors’ posts and schools is a dimension in addition to 
proximity. The capacity dimension for some services includes additional levels of detail that 
make it relevant to whether it services the local community. For example, the number of 
students within the ROI and the average age of the students should be considered when 
determining what stage of education a school included on-site should cater for. The proximity 
to schools indicator can therefore be sub-divided into the elementary and secondary schools. 
The population layer would then also have to reflect the number of students per household 
and education level. Proximity to employment also requires the consideration of capacity and 
of how the employment brought about on-site matches the community labor pool’s general 
skill level and expertise. Proximity to employment would be more relevant in assessing the 
suitability of different commercial facilities on-site, particularly in areas with a surplus of 
unskilled labor. The more specific the skill and education level required by industry, the less 
likely it is that the local labor supply will match what is required. 
4.3. Commercial and Industrial Land-uses 
The proximity analysis approach defined here could also be applied to the evaluation of 
brownfield sites for potential commercial, light industrial and industrial land-use. Instead of 
considering amenities, the indicators could consider distance to suitable work force, access 
to navigable rivers, highways and train infrastructure on the one hand. On the other hand it 
could consider whether or not the site is a sufficient distance from residents that would 
otherwise be impacted by air and noise emissions. A Euclidian distance measure would be 
better suited to considering distances to atmospheric emission sources. A friction grid raster 
representing vegetative barriers could be used to account for their buffering capacity. 
4.4. Weighting 
An additional weighting step allows the relative importance between different amenities to be 
put into perspective. The ROI mean results can be further weighted by multiplying them by 
the average frequency of journeys per citizen to such amenities yearly. The results therefore 
remain as distance variables but reflect how local citizens are impacted by having the 
different amenities nearer in terms of their annual walking distances along the road network. 
However, the frequency of visits does not necessarily reflect the importance of having an 
amenity within close proximity. For example, having a doctor or emergency room nearby may 
be more important than having a shop or meeting place nearby, even though the shop and 
meeting place is frequented more regularly by local residents. Elderly residents and residents 
whom are at higher risk of a medical emergency may feel more secure having a doctor in 
close proximity than a shop if indeed they would be mutually exclusive. The amenities 
included here are not necessarily mutually exclusive however on smaller sites, a choice may 
have to be made between the different amenities. In this case, an additional weighting 
scheme could be adopted that would reflect the specific preferences of local stakeholders. In 
its present state, the method shows what would add to the convenience of those living 
around the site and would allow stakeholders to have an idea of what could make their 
community more livable. 
4.5. Future Land-use Change 
The method is a step in the direction toward thinking about decision support tools for urban 
intensification and compact urban development with the benefit of reduced walking distances 
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along the road network (Laprise et al., 2015, Talen et. al, 2013). An important next step 
would be to integrate predicted future land-use changes and to consider to what extent 
changes on-site would shape the landscape of the surrounding area in the future. An 
important question is whether or not and to what extent eventual redevelopment plans will 
service the community. Further work on the method could also include the integration of 
land-use change predictions that account for increases or decreases in the local population 
around a site. 
4.6. Applicability in the Brownfield Context 
The method presented here can be used for any urban space located in an urban setting, in 
which the future land-use is open. The existing methods and their proximity indicators were 
described here to demonstrate that the scope of consideration in terms of access to 
amenities is limited. In this sense the proposed method builds on existing brownfield 
redevelopment sustainability assessment methods. None of the existing methods address 
the question “to what extent do local residents benefit from the redevelopment scenario?” 
Instead they either focus on the best scenario for those that will inhabit the site or they focus 
on selecting a site form a range of possibilities in a larger area. The method presented in this 
chapter addresses the question of how local communities around a given site can benefit 
from what is on the site.  The method can therefore also be an addition to the existing 
methods. 
5. Conclusions 
The method presented allows for comparisons based on travel distance, which is an 
approach that can be easily understood by stakeholders and experts alike. The approach 
provides the user with insights to the impact of eventual redevelopment scenarios in a 
straight-forward manner where the calculation steps can be easily understood. The method 
can be added to existing methods or used as a standalone tool. Proximity is a relevant factor 
when trying to achieve not only convenience but urban intensification and more sustainable 
urban areas.  
 
The Alvat Buggenhout case study illustrates that although all amenities are brought closer to 
the local residents by including them on-site, certain amenities are brought closer to some 
residents than others. The approach and considering the distribution of distances across the 
site ROI, shows that spatially explicit indicator approaches provide the necessary detail for 
informed decision making. The spatial indicators in the existing tools simply consider whether 
or not an amenity is within walking distance from the site in question which overlooks the 
large variations in walking distances along the road network that actually exist for local 
residents. 
 
The approach is however in the early stages of development and the key areas for 
improvement include the consideration of the capacity of amenities, more specific amenity 
sub-categories and the addition of a stakeholder preference weighting procedure or scheme. 
The line of reasoning adopted in the approach could also be applied to industrial sites with 
different indicators. Further developments could also include predictive modelling in order to 
evaluate the long-term sustainability of different redevelopment scenarios. 
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Chapter 5: Valuing Nature-Based Solutions in Sustainable Brownfield 
Redevelopment 
 
The projected human population growth and urban-rural migration places urban 
environments as the driver of global environmental change. Yet urban environments present 
opportunities for greater resource efficiency, the adoption of green infrastructure and the 
fostering of urban ecosystems that deliver essential services to urban inhabitants. Nature-
based solutions are a sustainable alternative to conventional infrastructure, serving a primary 
purpose while at the same time delivering additional services to local inhabitants. The 
redevelopment of idle and abandoned brownfields is well suited to nature-based solutions, 
allowing for such solutions to be optimized as well as contributing to the broader goal of 
urban sprawl mitigation and the development of more compact urban centers. Fully 
understanding the costs and benefits of nature-based solutions in holistic decision making 
requires the consideration of ecosystem services delivered by different redevelopment 
scenarios. An approach to accounting for the benefits of ecosystem services delivered by 
nature-based solutions is presented and applied to a case study. The case study raises 
crucial questions as to whether existing urban ecosystem services evaluation approaches 
adequately account for the range of services provided and whether such approaches can be 
improved to achieve more accurate and reliable results. 
1. Introduction 
Urban land cover globally is set to continue expanding due to both human population growth 
and rural-urban migration. 54% of the world’s population was urbanized by 2014 and this is 
projected to increase to 66% by 2050 (UN DESA, 2015). The projection accounts for human 
population growth in both urban and non-urban areas. There are environmental, social and 
economic benefits and costs to global urbanization. In terms of the costs, urbanization is a 
driver of unwanted environmental problems (Seto and Shepherd, 2009; Seto et al., 2013). 
Expanding cities result in land-use change leading to the destruction of ecosystems and the 
replacement of permeable vegetated surfaces with sealed surfaces, which in turn disrupt 
riparian flow regimes, groundwater recharge and can result in excess run-off. Local air 
quality is poor due to the high concentration of combustion engines burning fossil fuels and 
industrial emissions. Noise pollution and urban heat stress also ultimately impact human 
wellbeing (Grimm et al., 2008; McDonald et al., 2008; Kremer et al., 2015). Unemployment 
and poor municipal service delivery in urban areas are additional pressures further 
exacerbating social problems (Bettencourt et al., 2010; Larondelle and Haase, 2013). On a 
global scale, urban areas already account for a large proportion of global carbon emissions, 
energy and resource consumption and the projected increase in urban populations will 
increase the pressure on natural capital and ecosystems, in turn making these populations 
ever more vulnerable to environmental catastrophes (Ayres and van den Bergh, 2005; 
Krausmann et al., 2009; Guo et al., 2010; Gómez-Baggethun and Barton, 2013). 
 
There are, of course, also benefits to urban-rural migration, but these are largely dependent 
on intelligent spatial planning, efficient resource use, political will and sufficient financial 
resources (Shäffler and Swilling, 2013). Cities can ultimately provide their residents with 
better employment opportunities and access to services that are not available in rural areas. 
Generally cities have higher living standards which are evident in the lower infant mortality 
rates and longer life expectancy (Rydin et al., 2002). Urban areas can also be energy 
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efficient (Slavin, 2011; McPhearson et al., 2015) and hubs of social innovation (Bettencourt 
et al., 2010). Urbanization therefore presents an opportunity for mitigating unwanted 
environmental problems by transitioning to a more sustainable use of natural capital and 
fostering ecosystems within the urban environment that provide resilience mechanisms 
(Luederitz et al., 2015). 
 
Idle brownfields present an opportunity for urban development in which green infrastructure 
can play a central and functional role in service provisioning. Flanders, Belgium, has a large 
share of brownfields, accounting for 2% of the total urban land cover (Oliver et al., 2005, 
MIRA, 2009). If utilized, the space could add to the urban land supply contributing to more 
compact centers. In turn the need to develop peri-urban areas could also be mitigated to a 
certain extent. The use of green infrastructure in brownfield redevelopment can help to 
address the negative social consequences of urban decay through community upliftment and 
economic stimulation (De Sousa., 2003; Tzoulas et al., 2007; Atkinson et al., 2014). The 
challenge is to ensure that redevelopment designs address the reasons for the site 
remaining vacant, such as managing risks associated with subsurface pollution, public 
stigma and socio-economic stagnation in the local community (Davison and Legacy, 2014) 
 
Nature-based solutions (NBS) is a current concept recently introduced in policy literature that 
is increasingly being implemented as a means of addressing specific local problems through 
‘natural’ processes (European Commission Directorate-General for Research and 
Innovation, 2016). The term is somewhat synonymous with green infrastructure and soft 
engineering measures but refers specifically to adopting natural processes as a solution to a 
given environmental or societal problem.  ‘Nature-based’ such as bioremediation are not new 
and have existed in the field of environmental remediation since the 1960’s (Ryan et al., 
1991). NBS differs slightly from bioremediation in that the driver of adopting such solutions is 
not only cost-effectiveness, which is the case in soil remediation, but includes broader 
considerations of the environment and resource use. The question then arises as to how 
such measures should be evaluated and compared to more conventional approaches and 
whether existing environmental impact assessment methodologies do so adequately. 
Ecosystem services valuation is an approach to quantifying the benefits of such solutions. 
Ecosystem services can be defined as the benefits that society derives from such natural 
processes (Costanza et al., 1997; de Groot et al., 2002; Gómez-Baggethun and Barton, 
2013).  
In low lying delta regions such as Flanders, a crucial dimension of urban resilience is the 
management of precipitation and surface run-off, especially in the face of climate change 
predictions and the potential for prolonged, more intensive wet periods and sea level rise 
(Aerts and Botzen, 2011). This is also the case for large brownfields which are water logged 
and where an appropriate remediation strategy would involve separating recharge and 
contaminated media. Idle sites present an opportunity for maximizing the use of NBS in 
managing surface run-off.  Table 5-1 is a comparison of fourteen urban ecosystem services 
valuation methods in the scientific literature. Urban ecosystem services are the direct and 
indirect benefits people derive from the functioning of ecosystems in all natural green and 
blue spaces within the urban environment, including street trees and ponds (Bolund and 
Hunhammar, 1999). The Millennium Ecosystem Assessment provides a framework in which 
the different services can be categorized according to whether they support ecosystem 
functioning, provide material products, regulate ecosystem functioning or whether they 
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provide cultural services to human beings (MEA, 2005). The ecosystem services in fourteen 
frameworks are categorized according to the MEA framework. 
Table 5-1: Urban ecosystem services included in existing studies. 
 
 
Precipitation run-off capture is an important ecosystem service and twelve out of the fourteen 
frameworks presented in the studies include infiltration. Vegetation as well as the use of 
permeable surfaces allow for run-off capture while at the same time generating a range of 
additional secondary services. The additional regulating services delivered locally by 
vegetation include, but are not limited to, water filtration, air filtration and local climate 
regulation. From a global perspective vegetated surfaces also take up carbon dioxide as a 
regulating service. Green space provides for cultural services such as the opportunity for 
recreational activities. Cultural ecosystem services allow for social cohesion building and 
provide local residence with a sense of place and psychological well-being (Langemeyer et 
al., 2015; Scholte et al., 2015).  
 
It is important to ensure that these NBS will continue functioning into the future, especially 
with changes in the climate. Resilience is generally regarded in terms of an ecosystems 
capacity for buffering sudden isolated incidents such as natural disasters (Alberti et al., 2003; 
Pickett et al., 2004, McPhearson et al., 2015). Resilience can also refer to the adaptive 
capacity for more gradual permanent changes in rainfall patterns and seasonal temperature 
(Lu and Stead, 2013; McPhearson, et al., 2015). Species diversity is a supporting service, 
essential to the functioning of ecosystems, that ensures the continued delivery of 
provisioning, regulating and cultural services. The inclusion of green space in the urban 
environment is a means of building resilience and adaptive capacity that supports the 
delivery of essential services to society amidst a changing and potentially more hostile global 
climate (Landscape Institute, 2009; Weisz and Steinberger, 2010; Shäffler and Swilling, 
2013). 
 
Accounting for environmental stocks and flows that deliver ecosystem services requires the 
use of a quantification method for each type of service. A further step requires extrapolating 
a euro or dollar value per unit of service. Various approaches have been used for the 
Type Ecosystem Service
Bolund 
& 
Hunham
mar, 
1999
TEEB, 
2011
Claus & 
Roussea
u, 2012
Larondel
le et al., 
2012
Schetke 
et al., 
2012
Gomez-
Baggent
hun & 
Barton, 
2013
Shäffler 
& 
Swelling
, 2013
McPhear
son et 
al., 2013
Ahern et 
al.,2014
Lauf et 
al., 2014
McPhear
son et 
al.,2014
Wang et 
al.,2014
Derkzen 
et al., 
2015
Rodrígue
z-
Rodrígue
z et al., 
2015
Provision of Habitat for biodiversity * * * * * * *
Maintenance of genetic diversity * * *
Soil Quality * *
Food Production * * * * * * * * *
Fibre Production * * * *
Fresh Water * * * *
Traditional medicines *
Energy *
Carbon Sequestration and Storage * * * * * * * * * * *
Local Air Filtration * * * * * * * * * * *
Local Climate Regulation * * * * * * * * * * * * *
Precipitation Run-off Capture * * * * * * * * * * * *
Moderation of extreme events * * * *
Water Filtration * * * *
Waste water treatment * * *
Noise Reduction * * * * *
Erosion Prevention *
Pollination * *
Pest Control *
Recreation: Mental and Physical * * * * * * * * * * *
Sense of Place *
Educational Opportunities * * *
Tourism *
Employment *
Aesthetic Appeal * * *
Supporting
Provisioning
Regulating
Cultural
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different types of services (Gómez-Baggethun and Barton, 2013). Only four of the fourteen 
urban ecosystem service studies translate the indicators they considered into monetary 
values. Attributing a monetary value to ecosystem services allows for the inclusion of results 
in cost-benefit analysis and other more general environmental impact assessment methods 
(Claus and Rousseau, 2012; Larondelle and Haase, 2012; Broekx et al., 2013). The standard 
approach to aggregating urban ESSs involves deriving a quantity of services, such as 
kilograms (kg) particulate matter (PM) filtration per tree or square meter (m2) of vegetation. A 
valuation factor is then used to translate the equivalent mass of PM into a euro value. In 
other words, the unit value to society of removing one kg of PM is used to convert the total 
number of trees to their euro equivalent value in terms of the PM removal service provided.  
 
The research presented here applies an ecosystem services valuation methodology in 
evaluating NBS, primarily intended for managing run-off on a particular brownfield 
redevelopment case study site.  The results reflect the degree to which the secondary 
functions of the NBS serve society. The approach allows for differences between vegetation 
types, in terms of the quantity of services delivered, to be accounted for with an expert 
weighting scheme. The application of the method also raises relevant questions regarding 
the inclusion of such considerations in existing cost-benefit analysis and environmental 
impact assessment practices. The two major challenges addressed in the research 
presented here are accounting as accurately as possible for differences in services delivered 
by green spaces and understanding to what extent values measured in different ways can be 
aggregated. 
 
Section 2 introduces the methodology, the case study and the NBS technologies adopted on-
site to manage the excess run-off. Section 3 presents the results of the case study and 
raises the relevant discussion points around the added-value of such an approach, its 
shortcomings and where there is room for further research and improvement. 
2. Methods 
Each service delivered by the NBS adopted on-site is measured with an indicator. The 
indicators quantify material flows in the environment that are beneficial to society before 
translating them into monetary values via a valuation factor. The most relevant indicators for 
the particular brownfield case study are included. The different indicators and their 
calculation procedures are explained below followed by the case study and the specific NBS 
included in the redevelopment scenario. 
2.1. Indicators 
The services provided by the NBS include their primary function, which is run-off capture, 
and the incremental secondary services delivered by the accompanying ecosystems of the 
vegetated surfaces. Four of the five indicators quantify regulating services which control 
physical flows in the environment such as water, atmospheric pollution, heat, and carbon. 
The last indicator is a cultural services indicator which relates to the intangible benefit people 
derive from visiting the site. All the regulation services are a function of vegetation type or 
water body type and surface area. Different vegetation types and water body types deliver 
ecosystem services to varying degrees. In order to account for the difference, each 
vegetated surface type and water body type is weighted according to the extent to which they 
deliver the various quantities of different ecosystem services. Each ecosystem services, 
however, is calculated using a slightly different procedure to this general description. 
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Appendix 5 provides a detailed overview of the different calculation procedures for each 
ecosystem service. In general, the first step is to take the surface area (m2 or ha) of the 
different vegetated surface types and water body types, and apply a weight to each. The 
weighted areas can then be summed and converted into their euro equivalent. Each 
ecosystem service requires the use of a different valuation factor. The cultural service is a 
function of visitors to the site and proximity to where the visitors live. Table 5-2 shows a 
summary of the various valuation factors explained in more detail below. 
2.1.1. Run-off capture 
Hard impermeable surfaces typical of urban land cover prevent infiltration of run-off into the 
subsurface. Conventional run-off management infrastructure, such as storm water drains, 
channels precipitation into water bodies with reserve holding capacities and infiltration zones 
that allow run-off to percolate into the subsurface. Flat low lying areas with limited infiltration 
capacity are vulnerable to flooding during rainfall events and therefore it may be necessary to 
pump away excess run-off with hydraulic pump systems. In contrast to impermeable 
surfaces, permeable surfaces allow for run-off capture and therefore reduce the need for 
conventional infrastructure. Permeable surfaces also provide a buffering mechanism for 
excessive rainfall events, by increasing the time of concentration (Gómez-Baggethun and 
Barton 2013). Vegetation in these zones prevents erosion and slows down the time it takes 
for precipitation to reach the ground surface. Permeable surfaces also allow for groundwater 
recharge which in turn maintains surface and groundwater flow regimes. Contact with 
residual contaminates and chemical spills on hard surfaces can also be avoided when 
precipitation is allowed to infiltrate. 
 
The degree to which a vegetated surface or open soil surface allows infiltration is referred to 
as the run-off capture coefficient, however the run-off capture coefficient for different 
vegetation types was not used in the calculation for this study. Instead a total volume of 
recharge across the green corridor and wadis was converted to monetary terms using a 
monetary conversion factor. Therefore no distinction between different vegetation types was 
made. Existing approaches to valuing run-off capture include the avoided replacement costs 
of infrastructure (Claus and Rousseau, 2012; Shäffler and Swelling, 2013). An avoided 
replacement cost approach is used here and includes both the cost of drainage infrastructure 
in Flanders per cubic meter (m3) and the water purification cost per m3 of  €0.52 (Van 
Steenwinkel et al., 2008).The €0.52 value is the sum of both drainage infrastructure and 
water purification processes per m3. The detailed overview of the calculation procedure is 
included in Appendix 5. 
2.1.2. Air filtering 
Fossil fuel combustion and industrial emissions in the urban environment result in poor air 
quality and smog. Poor urban air quality impacts the human respiratory and cardiovascular 
system (Brunekreef and Holgate, 2002). Vegetation filters the local air, removing compounds 
that would otherwise negatively impact human health. Vegetation and especially trees also 
disrupt the flow of air, wind speed, wind direction and contribute towards turbulence and the 
mixing of air (Buccolieri et al., 2011; Gromke and Ruck, 2012). Air mixing dilutes contaminant 
concentrations. Therefore two important mechanisms that need to be accounted for when 
considering the effect of vegetation on local air quality are: deposition (or filtration) and 
ventilation (dilution). 
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The filtration capacity of plant species can be directly correlated to their total leaf surface 
area (Givoni, 1991; Bolund and Hunhammar, 1999). Trees with large leaves are the most 
efficient at removing suspended particulate matter (PM), followed by shrubs, herbaceous 
plants and grass (Sæbøa et al., 2012). The PM, circulating in the air, sticks to the leaf 
surface upon contact with the leaf surface. Eventually the PM collected on the leaf surface is 
rinsed away by precipitation (Pryor et al., 2008). Gaseous compounds such as ozone and 
nitrous oxides are taken-up through the leaf stomata. PCB’s and dioxins are also adsorbed 
onto the cuticle of leaves. Optimizing the filtration capacity of vegetated areas requires the 
spatial consideration of emissions source zones and emissions receptors. The improved air 
quality around trees decreases exponentially as one moves toward non-vegetated areas 
(Baldauf et al., 2008). However if trees are arranged as a buffer, the combined effects of 
filtration and restricted air flow can reduce emissions concentration by 15 to 20% outside the 
buffer zone (Erbrink et al., 2009).  
 
Existing indicator approaches in the scientific literature estimate the quantity of nitrogen 
dioxide (NO2), ozone (O3), sulphur dioxide (SO2), PM10 and carbon monoxide (CO) captured 
by vegetation. The monetary valuation factors that exist, however, are limited to NOX and PM 
(Michiels et al., 2012; Wang et al., 2014). Claus and Rousseau (2012) suggest that the 
avoided cost of human health impacts of NO2 is € 4912 per kg dry deposition. The PM 
reducing capacity of vegetated surfaces is quantified in terms of kilograms of PM filtered per 
square meter per year from a baseline of ambient PM concentrations. The different types of 
vegetation included in an urban area each account for a specific filtering capacity based on 
their leaf area per m² of vegetation, their PM capturing capacity and their seasonality. The 
valuation method is based on the avoided health care costs, loss of economic productivity 
and premature death due to respiratory and cardiovascular diseases associated with PM 
emissions (Michiels et al., 2012). The filtration benefits are represented as € / kg PM10 and 
the effect on air ventilation is represented as € / inhabitant per percentage change in air 
quality. The cost per kg of PM in terms health care and impacts of labor productivity for 
residents in the urban areas of Flanders is 156 €/kg for PM 2,5  and  28 €/kg  for PM2,5-10. 
The valuation factor is averaged at € 72 per kg (Michiels et al., 2012). The air filtration 
indicator would represent a much higher avoided cost if the removal of NO2 and other 
compounds were also accounted for. 
2.1.3. Local Climate Regulation 
Vegetation has a moderating effect on the local climate particularly in urban areas which are 
prone to the urban heat island effect (Gago et al., 2013). In northern Europe the heat island 
effect occurs during summer months when urban areas are warmer than the surrounding 
peri-urban and rural areas. The peak difference in urban temperature compared to 
surrounding areas occurs in the evening and night. Latent heat is trapped in hard surfaces 
and released more gradually than by the permeable and vegetation covered areas outside 
the urban zone. High temperatures in cities negatively impact the health of inhabitants, 
disrupt human sleep patterns and during hot periods, such as heat waves, increase health 
risks associated with heat stress. Heat stress related illnesses include cramps, fainting spells 
and strokes and can be fatal in extreme cases (Gabriel and Endlicher, 2011). 
 
Vegetation mitigates the heat island effect by deflecting incident solar radiation and by 
providing shade. Evapotranspiration also allows latent heat to be consumed in the process of 
releasing moisture into the atmosphere (Harlan et al., 2006). Observations in Antwerp city 
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center during the summer of 2013 show that only 30% of the full heat island effect could be 
measured in the vegetated park areas (Lauwaet et al., 2015). Green facades and green roofs 
have been found to reduce indoor temperatures by approximately 0.5 ° C (Niachou et al. 
2001; Jaffal et al., 2012; Virk et al., 2014). The insulating effect of green roofs and the 
evapotranspiration of latent heat reduce the need for air conditioning. As with air filtration, the 
heat reducing effect of vegetation remains local and decreases exponentially as one moves 
toward areas covered by hard impermeable surfaces (Zoulia et al., 2008). Different green 
surface types also vary in terms of their evapotranspiration capacity and shade provision 
(Hoelscher et al., 2016; Gillner et al., 2015). 
 
A generic approach to quantifying the annual heat reduction and moderating influence of 
vegetation in the urban environment does not yet exist. Existing approaches, therefore, 
consider the avoided cost of the additional energy that would otherwise need to be 
consumed by air conditioning and temperature regulation technologies without the 
moderating effect of vegetation (Claus and Rousseau, 2012; Wang et al., 2014). The 
approach here accounts for trees and other green surface coverage separately. Wang et al. 
(2014) compared three studies in four cities across the United States and four cities across 
Canada from between 1988 and 1992 and derived a range of between $10 and $249 dollars 
per tree of energy cost avoided (McPherson et al., 1988; Akbari and Taha, 1992).With 
regards to green roof surfaces Taha., et al., (1996) derived a value range between $ 0.1 - 
$0.35/m2/year in California.  A more recent study by Claus and Rousseau, (2012) derived a 
value for green roof surface area of € 0.176 per square meter. Wang et al. (2014)., also 
adopts the range between $ 0.1 - $0.35/m2/year and this was the valuation method adopted 
in this study.  
2.1.4. Carbon sequestration 
Unlike the other indicators, carbon sequestration does not provide benefits in the direct 
vicinity of vegetated surface and is instead a mitigation measure against a global 
environmental problem, namely climate change. Carbon dioxide (CO2) is a greenhouse gas 
that contributes to radiative forcing in the atmosphere, trapping solar energy that would 
otherwise be reflected back out of the earth’s atmosphere. Ever increasing quantities of CO2 
emitted into the atmosphere through the combustion of fossil fuels will result in global 
temperature increases (Haywood, 2016). Climate change on a global scale will have 
undesirable consequences in terms of extreme weather events and prolonged drought and 
flooding periods. Sequestering carbon through the generation of biomass is seen as 
mitigating measure against anthropogenic climate change. The conversion to and 
maintenance of vegetated spaces for CO2 uptake is a means of preserving the stock of 
carbon in the soil and land cover. 
 
Plants convert carbon dioxide (CO2) in the atmosphere into biomass via photosynthesis. 
Biomass remains as stems, leaves and roots as long as a plant is alive, and at the end of the 
plant’s lifespan degrades and adds to the carbon content of underlying soil. In global terms, 
more carbon is stored in the top layer of soil than any other environmental compartment 
(Scharlemann et al., 2014). Urbanization leads to the removal of this carbon-rich layer.  97% 
of the carbon in biomass in urban areas at present is stored in trees (Davies et al., 2011). 
Trees store sequestered carbon from the atmosphere for long periods of time even when 
they are felled and the wood is used for purposes other than fuel. Certain vegetated surfaces 
such as lawns require maintenance, which in turn may require the burning of fossil fuels. In 
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this sense these surfaces may be carbon neutral or even lead to more CO2 being emitted 
than is sequestered. 
 
Each square meter value of green is translated into to its equivalent potential CO2 uptake in 
kilograms before being valued. The conventional approach to valuing CO2 sequestration is 
an avoided cost approach based the cost of implementing measures to prevent an increase 
in global annual temperatures by a maximum of 2°C above pre-industrial levels (AD 1780). 
The valuation factor is derived from a meta-analysis of results of different climate model 
studies. There is a concern that the cost of such measures is steadily increasing as the 
global temperature approaches the 2°C target. The marginal cost of €20 per ton of CO2 
equivalent in 2010 is projected to increase to €220 per ton of CO2 equivalent in 2050 
(Aertsens et al., 2013). The approach here is based on a projected value range for the year 
2030 of between €100 and € 366 (Aertsens et al., 2013). 
2.1.5. Recreation 
The five preceding indicators measure regulating services in the environment. Recreation is 
a cultural service that delivers non-material benefits to people through ecosystems. 
Vegetated areas including parks and water bodies provide people with the opportunity for 
leisure activities and social interactions. The indicator applies to the neighboring community 
and people living in the vicinity of the site as opposed to those on-site. The input into this 
indicator also differs from the other indicators in that it is based on the number of visitor as 
opposed to area values of different types of green spaces. In order to put a euro value per 
visitor on recreational spaces, a benefit transfer method is used. 
 
The first step in valuing recreation space requires estimating the number of visitors to the 
site. Proximity to recreation space is an important variable in estimating the potential visitors 
to the site. Assuming that the closer residents are to a green recreational space, the more 
likely they are to visit it. There are also a range of other considerations beyond proximity to a 
green space that need to be accounted in deriving an accurate estimation of visits.  The 
variables that need to be considered include, amongst others: how often the average 
resident frequents green space and their willingness to travel to a recreation space; the 
maximum distance the average person is willing to travel and the possible substitutes in their 
locality; to what extent the size of the green area influences its appeal and to what extent the 
particular characteristics of the recreation space influence its appeal. It is also necessary to 
understand how such variables influence one another and to what extent they influence one 
another. There is no existing method which takes such considerations into account. The 
method used here simply weights the number of residents and the average visits per 
inhabitant according to their proximity to a green area. In other words, the likelihood of local 
community members visiting the site is based on their proximity which decreases as the 
distance between the site and the residents increases. A value per visit to green space of € 
4.5 is taken from meta-analysis of 200 studies by Sen et al. (2013).  
 
Table 5-2 below shows a summary of the different valuation factors discussed above. The 
calculation procedures used in this study, incorporated additional steps to account for the 
difference between different vegetative surface and water body surface types (see Appendix 
5). Two of the indicators, Climate Regulation, and Carbon Sequestration were calculated 
using a midpoint between low and high estimates of biophysical flows 
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Table 5-2: Monetary valuation factors applied to different green space types after they are 
weighted according to the quantity of services they deliver. 
 
2.2. Total costs and benefit 
The conversion of each of the indicators to a monetary value allows for a total single score 
for the evaluated scenario to be calculated. In this sense, monetary valuation is a 
standardization and aggregation technique. Monetary valuation is also useful because it 
allows the considered benefits to be compared to real financial costs such as the cost of 
constructing the NBS as well as the opportunity cost of using the space on-site for real estate 
space.  
2.3. Case Study 
The redevelopment plan for Petroleum Zuid brownfield, just south of Antwerp city center, 
includes three different NBS primarily intended for managing surface run-off. The 
redeveloped site will be called Blue Gate. Petroleum Zuid was a former petrochemical 
storage facility which is now abandoned and heavily contaminated. The entire site is 103 
hectares (ha) in total, 50 ha of which will be redeveloped as a first stage of redevelopment. 
The first stage will include the construction of a large business park, goods distribution hub 
and green corridor (Figure 5-1). The green corridor will run through the site and connect 
Hoboken nature reserve on the western border of the site to the city of Antwerp. The green 
corridor will be a NBS for capturing surface run-off in the north of the site. Wadis will also be 
used to capture surface run-off in the business park zone. The term ‘wadis’ is used in the 
Netherlands and Flanders to refer to constructed infiltration gullies that can also temporarily 
capture excess run-off during peak rainfall events. Green roofs on top of the buildings of the 
business park will also serve as a NBS. In addition, the road and pedestrian and bicycle path 
network on-site will include tree rows and green embankments. The green corridor and wadis 
were primarily designed to capture run-off. At present the site is water-logged but will be 
raised by on average 2-3 m above its current level. The site will be graded in such a way as 
to channel run-off towards the buffer zones. The three NBS zones and the relevance of each 
indicator in evaluating their benefits are described in more detail below. 
 
Indicator
Metric
Euros per 
unit
Reference
Avioded run-off m³/y 0.52 van Steenwinkel et al., 2008
Air Filtration kgs PM10/y 72 Michiels et al., 2012
Climate Regulation m2/y 0.015 Claus and Rousseau, 2012; Wang et al., 2014
Carbon sequestration (and Emissions) tonnes/y 233 Aertsens et al., 2013
Recreation visitors/y 4.5 Sen et al., 2014; Broekx et al.,2014
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Figure 5-1: Petroleum-Zuid / Blue Gate brownfield redevelopment. The redevelopment 
design will include a business park with green roofs, goods distribution hub on the Scheldt 
River for the city of Antwerp and a green corridor connecting the city to the Hoboken nature 
reserve on the western side of the site. 
 
Figure 5-2: Design drawing of green corridor (Strategic Masterplan Blue Gate Antwerp, 2014) 
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2.3.1. Nature-based solutions 
Each NBS covers a certain surface area of the site with vegetation. All three can be adopted 
at the same time at the cost of having less surface space available for other uses such as 
commercial office space. An alternative scenario that would maximize the office space and 
therefore the return on investment could employ a conventional water management 
approach of pumping the excess runoff away. The obvious advantage of the NBS is that they 
do not require energy inputs, therefore saving energy resources and minimizing carbon 
dioxide emissions. The indicators described above quantify the avoided cost by adopting 
NBS for run-off capture as well as the additional benefits brought about the ecosystems that 
are accommodated by the NBS. 
The average precipitation in Belgium is in the order of 800 millimeters (mm) per year.  A 
large part of this volume evapotranspires into the atmosphere before reaching the 
groundwater or surface water bodies. A volume of 300 mm per year is an estimate for 
recharge annually for the green buffer zones on-site (green corridor and wadis). This is a 
simple assumption which does not account for the specific run-off capture coefficient, the 
evapotranspiration rates or the soil moisture storage capacities of the different permeable 
surface areas.  A hydrological model was created for the site to determine the necessary run-
off capture to avoid flooding and the green corridor and wadi zones were sized accordingly. It 
is assumed that each of the green corridor and wadis allows for 300 mm average recharge 
for the site.  When the surface is completely paved there is very little recharge. Assuming 
that 50 mm of the 300 mm average recharges the subsurface, 250 mm will remain as run-off 
and this is the quantity that would otherwise need to be managed by the conventional water 
management approaches. A different quantification approach was used for the green roofs in 
which it is assumed that 50% of the average annual precipitation (800 mm) on the green 
roofs is captured. The run-off capture quantity for the green roofs is based on similar green 
roof design used in buildings in Brussels (Mentens, 2006; Claus and Rousseau, 2012) 
 
2.3.1.1. Green corridor 
The green corridor will run the course of 1.3 kilometers from the Hoboken nature reserve 
west of the site, along the northern border of the office complex, and then along the southern 
border of the good distribution hub towards the city of Antwerp. The width of the green 
corridor will be 100 meters (m) on average and will span a total area of approximately 15 
hectares. The green corridor will lie at a height of 4 m above sea level which will be the 
lowest area of the site and lie 1 m below the adjacent hard surfaces. The hard surfaces of 
the office complex immediately adjacent to the corridor and the distribution hub will drain into 
the corridor. The highest lying area of the site will be 9 m above sea level along the bank of 
the Scheldt River, although this part of the site will not be redeveloped in the first phase. 
 
The surface cover in the corridor will consist predominantly of indigenous wetland vegetation 
from the Antwerp region and will be allowed to develop with minimal human intervention and 
maintenance. A canal will drain the corridor towards the west of the site into the Leigracht. 
Approximately 3.5 hectares will be covered by reeds and various flower species and 
approximately 2 hectares will be covered by dense hardwood including silver birch (Betula 
pendula) and white willow (Salix alba) trees. The remainder of the corridor will be covered by 
wet grassland vegetation and herbaceous vegetation with occasional single trees. In total 
there will be approximately 50 single trees outside of the dense hardwood zone. The corridor 
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will also include a network of asphalt bicycle roads and paved pedestrian foot paths. All the 
embankments along the bicycle and pedestrian infrastructure will be covered by grassland 
vegetation. The office complex space immediately adjacent to the corridor will be surrounded 
by dry grassland. 
 
Beyond allowing for run-off capture the green corridor will provide for air filtration, especially 
around the main traffic artery through the site running along the northern border of the 
corridor. The trees will also provide shade and the vegetation will consume heat during hot 
periods via evapotranspiration. The green corridor will sequester carbon until the ecosystem 
reaches maturity. Fauna will be able to migrate into the corridor from the Hoboken polder. It 
is projected that the green corridor will draw 214 visitors per day and this adds significantly to 
the benefit it provides to society. 
 
2.3.1.2. Wadi with tree rows 
The entire site will be graded so that each wadi and stretch of office space between the 
wadis, will lie progressively deeper as one moves from the south of the site toward the green 
corridor. The elevation design of the site is referred to as a “Valley Model” and is intended to 
capture run-off through the permeable surfaces of the wadis’ and green corridor. 
 
The redeveloped site will include four large trapezoidal prism shaped wadis running from the 
west of the site to the east of the site. The surfaces area of the wadis will span 4.2 hectares 
in total. The office areas between the wadis will span an area of 10 hectares and will drain 
toward the wadis. The two outer wadis will be 25 m in width and the two inner wadis will be 
45 m in width. All four of the wadis are connected to canals that drain toward the Scheldt 
River. 
 
The surface of the wadis will be covered with flowering herbaceous vegetation, long grass 
and trees including silver birch, white willow and European alder (Alnus glutinosa) species. 
The tree density in the wadis will be approximately 400 trees per hectare, effectively creating 
a basal area of three tree rows in width with a height of approximately 25 m. The road and 
bicycle and pedestrian infrastructure will run along either side of the wadis. The canals 
flanking the wadis on the west and east sides of the site will include wetland vegetation such 
as narrow cattails (Typha angustifolia). 
 
All of the wadis will be 1 meter in depth below the adjacent offices and the total volume of the 
wadis is sufficient for capturing the total run-off of a one-hundred year rainfall event (T100). 
The trees and vegetation provide for air filtration and provide shade for the bicycle paths and 
pedestrian foot paths. The trees and vegetation will also sequester CO2 until the ecosystem 
reaches maturity. The wadis will be connected to the green corridor via a series of tunnels 
underneath road, bicycle and pedestrian infrastructure that allow fauna to safely migrate 
between wadis and into the office complex zone. 
 
2.3.1.3. Green roofs 
The buildings in the office complex will in part be covered by green roofs. The total area of 
the buildings will be 14 hectares. The roofs are designed to allow natural sunlight into the 
buildings through central sky lights and also include room for solar panels. Only a third of 
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each roof will include vegetated cover. The green roof substrate will be 15 cm in depth and 
will support low herbaceous vegetation. Bee colonies will also be kept on the green roofs 
providing pollination services for the surrounding area. 
 
The run-off capture of the green roof area, and similarly its buffering capacity during a peak 
rainfall event, is limited and will simply slow down surface flow. Although carbon 
sequestration by the green roof vegetation is small, the vegetation provides for some air 
filtration and helps insulate buildings and therefore reduce costs associated with air 
conditioning and temperature control. Carbon sequestration by the green roof vegetation is 
limited. 
3. Results 
The ecosystem services results for all three NBS are described below beginning with the 
quantity of flows and stocks delivered as services annually. The quantities of stocks and 
flows of ecosystem services from the different types of vegetation are determined by a 
weighting schedule. The areas of the different types of vegetation are weighted according to 
their specific species and surface type. Each indicator has a separate weighting schedule in 
Appendix 5 and the weights are based on either expert opinion or scientific literature on 
empirical studies. The stocks and flow are then converted into their equivalent monetary 
value and represented in Table 5-3.   
3.1. Ecosystem Service Quantification 
The extent to which society benefits from local regulating services is dependent both on the 
quantity of physical stocks and flows generated by the ecosystem as well as on where 
people are located in relation to ecosystems. With the exception of carbon sequestration, 
which is a global consideration, vegetated spaces provide a number of services to people in 
the local vicinity. The various cultural services provided by the ecosystem are both relevant 
to where people are located, as in the recreation value, as well as for their existence value 
(Krutilla, 1967; Chan et al., 2012). The existence value is independent of whether or not the 
green spaces are actually frequented by people. 
 
The quantities presented below are derived by first using a weighting table and converting 
the run-off coefficients, leaf area indexes, and permeable soil surface area into quantities of 
each service. This is the first step in developing urban ecosystem service valuation 
procedures that account for heterogeneity among differing vegetation and surface types. 
3.1.1. Green Corridor 
The green corridor is the largest uninterrupted vegetated surface area out of the three NBS. 
The permeable surface and vegetation of the green corridor will capture a total of 74,335 
m3of run-off annually in an average rainfall year of 800 mm. The permeable vegetated 
surfaces capture 61,045 m3 of run-off more than would otherwise end-up in the drainage 
infrastructure annually in a scenario with impermeable surfaces. An average of 584 kg of PM 
will be filtered from the local atmosphere by vegetation, benefiting both those employed on-
site as well as visitors to the green corridor. It is expected that the PM concentration in the 
corridor will be lower than the surrounding urban environment. The run-off capture and PM 
filtration are calculated directly as functions of permeable surfaces area and leaf area 
indices. The approaches used for local climate regulation instead use a proxy to estimate the 
benefit of services provided. Energy savings is the quantity of service measured instead of 
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an actual reduction in temperature. The vegetation will moderate the local temperature 
during summer months providing for energy savings. Unlike the other regulating service 
indicators, the local climate regulation indicator directly coverts surface area to its monetary 
equivalent in energy savings without estimating a biophysical flow. A euro value per 
megawatts hour of €35 is used therefore it is assumed that there is an approximate energy 
saving of 3,083 megawatt hours (Mwh). The same applies to the local climate regulation 
calculation of the other two nature-based solutions. Approximately 57 tons of CO2 will be 
captured by the vegetation in the green corridor annually until the ecosystem reaches 
maturity. The green corridor will draw 108,321 visitors annually, which is 78,332 additional 
visitor beyond the number already visiting the Hoboken polder. 
3.1.2. Wadi with tree rows 
The wadis zones run between the hard surfaces of the buildings in the office complex and 
will capture a total of 50,089 m3 annually in an average rainfall year. The avoided run-off to 
the drainage infrastructure will be 40,493 m3. The vegetation in the wadis, including the tree 
rows, will filter approximately 289 kg of PM annually, improving the air quality in the office 
complex zone. The moderating effect on the local climate will allow for a saving of 
approximately 2551 Mwh annually. The vegetation in the wadi zone will capture 26 tons of 
CO2 annually until the ecosystem reaches maturity. Recreation is not accounted for in the 
office complex zone. 
3.1.3. Green Roofs 
The capacity for run-off capture by the green roofs is limited in comparison to the permeable 
surfaces of the other two NBS. The green roof will capture a total of 15,160 m3 annually. The 
water held by the green roof will fluctuate seasonally with evapotranspiration levels. The 
vegetation holding capacity of the green roof is limited and therefore most of the water will be 
held by the substrate. The total captured is 50% of the precipitation onto the green roof area 
which is based on the study by Claus and Rousseau (2012) and Mentens et al. (2006) and 
accounts for seasonal evapotranspiration in Belgium. The 50% factor described by Claus 
and Rousseau (2012) and Mentens et al., (2006) accounts for run-off capture coefficients, 
evapotranspiration rates and soil moisture storage capacities of the green roof. The avoided 
run-off is 13,644 m3. The PM air filtration capacity of the green roof is also limited in 
comparison to the other NBS, only removing approximately 6 kg of PM annually. The 
insulating effect of the green roof will reduce energy needed for cooling and temperature 
regulation in the buildings and therefore an avoided energy use of 222 Mwh annually. The 
green roofs vegetation will capture 8.5 tons of CO2 annually. Recreation on the green roofs is 
not accounted for. 
3.2. Ecosystem Service Valuation 
The valuation step allows the results to be compared to the financial costs of implementing 
the various NBS as well as the opportunity cost of more real estate space. The valuation step 
also allows for a scale in which the magnitude of the benefits of the different services can be 
understood and compared. The valuation results are included in Table 5-3 and were derived 
by applying the various economic valuation factors described in section 2 to the total stocks 
and flows of services described above. 
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Table 5-3: Biophysical flows and monetary value of ecosystem services (ESS) delivered by 
each nature-based solution. For Local Climate Regulation, an actual flow was not estimated 
in this case study. Instead a straight conversion from area in m2 to a monetary energy 
savings value was performed based on Wang et al., 2014 
 
 
The extent of the valuation results depend both on the quantity of the service delivered as 
well as the valuation factor per service. The NBS with largest vegetated surface area, the 
green corridor, delivers the greatest economic value. The relationship between surface area 
and services delivered is not a one-to-one relationship, however, and the results show that 
the extent of the benefits is also dependent on the type of vegetated cover. The total value of 
services delivered is approximately €708, 216 annually. € 352,497 of the total value is due to 
the recreational value of the green corridor. Even without the € 352,497 of recreational value 
added to the green corridor, the total economic value of the services delivered by the green 
corridor is still approximately 46% greater than the value of the services delivered by the 
wadis and approximately 677% greater that the value of the services delivered by the green 
roofs.  
 
When considering the total value of services from all of the NBS combined, the largest 
benefit, apart from the recreational value delivered by the green corridor, is due to local 
climate regulation. The value of approximately € 204,984 annually is almost half of the total 
value of services when excluding the recreational value services. Run-off capture and air 
filtration deliver value in a similar range around €60,000 annually. The carbon sequestration 
service delivered by all NBS combined is approximately € 26,784 annually and is the service 
with the smallest overall contribution to the total ESS value. 
4. Discussion 
The methodology and results raise four important discussion points, which are addressed in 
the following subsections. Firstly, the added value of including an ESS approach in 
brownfield redevelopment planning is considered. Secondly, the ESS approach requires 
further development and understanding in terms of how indicators are selected, how the 
indicators are aggregated, and whether the absolute values used to represent the different 
environmental flows are comparable. Thirdly, the actual demand side of local ecosystem 
services and the physical proximity of people to the environmental flows require further 
refinement. The final subsection contextualizes ESS valuation within the broader 
sustainability goals and the consequences of future climate change. 
Indicators
Green Corridor Wadis Green Roof Annual Total per Ecosystem Service
Run-off Capture (m3) 61,045 40,552 15,040 116,637
Air Filtration(kg of PM) 584 289 6 879
Local Climate Regulation - - - -
Carbon Sequestration (tons CO2) 57 26 9 92
Recreation (visitors) 78,332 0 0 78,332
Nature-based Solution
Indicators
Green Corridor Wadis Green Roof Annual Total per Ecosystem Service
Run-off Capture € 31,743 € 21,087 € 7,821 € 60,651
Air Filtration € 42,057 € 20,835 € 406 € 63,299
Local Climate Regulation € 107,911 € 89,290 € 7,783 € 204,984
Carbon Sequestration € 16,429 € 7,509 € 2,846 € 26,784
Recreation € 352,497 € 0 € 0 € 352,497
Annual Total per Nature Based Solution € 550,639 € 138,721 € 18,856 € 708,216
Nature-based Solution
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4.1. Added value in Environmental Impact Assessment 
Ecosystem services account for interconnectivity between the various environmental 
compartments and cycles such as atmosphere, the soil and hydrological cycle, and how 
these flows impact society (Baker et al., 2013). This is particularly relevant to comparing 
different redevelopment scenarios for brownfields in which green infrastructure or nature-
based solutions are used to manage such flows. In the case presented here, the area 
allotted to the green corridor and wadis were predefined. In cases where alternative 
scenarios need to be compared and include varying degrees of green space, the ESS 
approach is an additional consideration alongside cost and return on investment. The ESS 
approach is also informative to a range of different stakeholders located on or in the vicinity 
of the brownfield. The local residential community, for example, benefits from ecosystem 
services both in terms of improved living environments and higher real estate values, and 
this would otherwise be overlooked by conventional environmental impact assessment 
approaches (Larondelle and Haase, 2012).  The approach described here could also allow 
for more holistic decision making in existing brownfield redevelopment DSS, such as MMT or 
DESYRE, that do not as yet account for ecosystem service benefits  (Schädler et al.;2011;  
Carlon et al. 2007) 
 
What is still necessary is a clear definition and measure of resilient land-use, and the ESS 
approach provides the foundations for this. There is still room for improving the existing 
approaches to measuring ESSs in the urban environment by allowing for a more scientifically 
robust reflection of the total costs and benefits of green infrastructure. 
4.2. Indicators Choice and Incommensurable Values 
The choice of indicators is important and in the examples in existing literature, there is no 
standard protocol for selecting indicators. Instead the selection is based on what is found to 
be relevant or on the availability of acceptable quantification and monetary valuation factors. 
Urban vegetation and water bodies also create ‘ecosystem disservices’ that should be 
accounted for. Vegetation can exacerbate the concentrations of floral gametes in the local 
atmosphere increasing allergic reactions and hay fever among people in the local vicinity. 
Heavily vegetated areas may provide cover for elicit and criminal activities especially during 
the night (Bixler and Floyd, 1997; Gómez-Baggethun and Barton, 2013). Water bodies may 
provide a breeding ground for insects such as mosquitos that carry harmful parasites and 
viruses. In some cases, an ecosystem service may be considered to be either a services or 
disservice depending on the context. For example, Shäffler and Swelling (2013) consider the 
additional employment brought about by a need to maintain vegetated areas as a benefit to 
society, whereas it could be argued that this should be considered a financial cost just as the 
maintenance of conventional infrastructure and hard surfaces would also be viewed as a 
financial cost. An important question is who is paying for the ‘service’ and who the recipients 
of the benefits are. The approach presented here is well suited to cases where the total 
economic benefit of the ESS provided by the NBS is considered along with the other 
economic costs and benefits of different scenarios. However, in order for the results to be a 
measure of the general societal benefit a per capita approach would be more appropriate. 
 
A further challenge with an indicator-based approach that aggregates the indicator outputs to 
derive a single result is the problem of adding values represented in the same unit but 
measured in different ways. Chan et al. point out the problem of incommensurability of 
different cultural services and the problem applies equally to the aggregation of regulating 
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services (2012). The conversion to monetary values disguises the fact that the indicators are 
actually measures of different environmental flows measured in different ways. It is also 
important to realize that not only are the flows quantified differently, the economic factors 
applied to value the different ESS are also derived in different ways. The question remains 
as to whether or not different environmental flows are comparable and indeed whether they 
can be aggregated to derive a total value using different valuation techniques together.  
4.3. Ecosystem Service Demand and Supply 
Two of the five local indicators account for the number of visitors or people on-site. The 
number of visitors to the green corridor is used as a basis for determining the recreational 
space value and the number of visitors is determined by considering the proximity of 
residence to the site. The remaining local indicators simply quantify the extent to which 
unwanted environmental burdens are mitigated without considering the recipients of the 
benefit. A more accurate account of the societal benefit would indeed account for who is 
benefiting from the service and this is function of physical proximity to the ecosystem 
delivering the service. Considering where people are located in relation to the service would 
require spatial explicit modelling which would also introduce a range of additional 
considerations not yet accounted for in urban ecosystem valuation approaches. For example 
the value of the service provided to local people can be affected by the availability of 
alternative spaces delivering the same services. An example of this is the substitution effect 
understood on a larger scale for recreational parks in scientific literature (De Valck et al., 
2014; De Valck et al., 2016). 
4.4. Resilience and Sustainability 
At the local site scale the redeveloped site and the spin-offs of a renewed urban environment 
provide for improved living standards. At the municipal and metropolitan scale brownfields 
redevelopment provide an opportunity to mitigate sprawl and an opportunity to contribute to 
more compact urban development. Ever expanding urban land cover is encroaching on 
natural areas. The use of green infrastructure and the inclusion of pockets of biodiversity 
allow urban areas to foster a symbiotic relationship with natural systems, the implications of 
which are broader than the direct services and disservices. Biodiversity is the basis for a 
functioning ecosystem and is arguably a measure of natural systems resilience to system 
shocks. Seven of the 14 urban ESS methods referred to in Table 5-1, consider provisioning 
for biodiversity and biodiversity as an important attribute of a functioning ecosystem is clearly 
recognized, however a general consensus of how biodiversity ought to be quantified and 
valued does not yet exist. A measure of resilience could consider either the capacity for an 
ecosystem to withstand shocks and return to homeostasis or its capacity for adaptation to a 
changing climate and biosphere. Indicators of ‘sustainability’ in scientific literature reflect the 
degree to which policy, practices, products or services etc., contribute towards to 
environmental destruction and transgressing critical planetary boundaries (Rockström et al., 
2009, Steffen et al., 2015). The inclusion of ecosystems in the urban environment mitigates 
the negative impacts that contribute toward transgressing planetary boundaries but can also 
make cities resilient to the consequences of transgressing planetary boundaries. An 
important part of evaluating urban renewal and brownfield redevelopment in particular is in 
understanding to what extent different scenarios provide for resilience. 
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5. Conclusion 
NBS provide for an alternative means of addressing specific environmental problems while at 
the same time delivering a range of secondary benefits that can be quantified with an 
ecosystem services valuation approach. In the brownfield redevelopment case study 
presented, NBS solutions are used to manage surface run-off and the proposed ESS 
methodology reflect the additional benefits of vegetated space in the urban environment. A 
weighting schedule is proposed which allows for the differences in the quantities of services 
delivered between different vegetated types to be accounted for. The benefits of the 
additional secondary services provided by the NBS far exceed the financial savings of 
managing surface run-off and the primary purpose of the solutions. Therefore the 
consideration of ESS is shown to be a useful addition to environmental impact assessment in 
more holistic brownfield decision making. The method presented however raises some 
interesting problems regarding the current state of the science in urban ecosystem services 
valuation. A standardized approach to selecting indicators as well as considering ecosystem 
disservices is still missing in existing approaches. The existing urban ESS approaches also 
consider a range of different indicators measured in different ways using different valuation 
techniques, which ought to be made explicit to the user. A further refinement of such 
approaches would consider the location of beneficiaries of services as well as potential 
substitutes for the services that are in demand. Finally, ESS considerations are a valuable 
addition to sustainability based decision making both because ecosystems mitigate 
undesirable environmental impacts and in terms of making urban settlements more resilient 
to the consequences of climate change. The next step is to develop a quantifiable measure 
of resilience based on biodiversity provisioning and functionality. 
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The scale of idle brownfield space, particularly in Europe and Flanders and the potential 
impacts of making brownfield space available underline the importance of balanced decision 
making in this context. Balanced decision making requires an understanding of trade-offs 
between opposing criteria and interests. Decision makers also need to account for the direct 
and secondary environmental, social and economic impacts of different courses of action. 
Considering secondary impacts allows decision makers to avoid shifting subsurface 
contamination problems for one phase of the remediation technology life-cycle to another as 
well as avoid simply shifting environmental problems from one environmental compartment 
to another, from one pillar of sustainability to another and from one generation to another. 
Sustainability assessment methods support decision makers by aggregating the wide range 
of considerations and making the necessary trade-offs explicit. The methods and tools, 
however, are not always well understood by the end-user, especially in terms of aggregation 
techniques and the general rational implicit in the tool assessment procedures. Existing 
approaches do not always provide a holistic account of how different alternatives will impact 
the environment and society and not all important impact areas are always accounted for. 
Generic tools also require adjustments in order to fit the particular context in which they are 
applied. The thesis demonstrates the key areas in which existing approaches in the 
brownfield redevelopment, such as sustainability appraisal tools and other more generic 
integrated assessment methods, need to be improved. The challenges addressed by the 
thesis are relevant to other contexts in which integrated assessments are used to gage the 
sustainability of alternative courses of action. The following section summarizes the findings 
of each of the four core research chapters, highlighting the consistent themes and challenges 
demonstrated throughout the thesis. Section 2 provides a general synthesis of the 
conclusions. More detail as to the reasons for addressing these specific challenges are 
explained in section 3. Section 4 describes the how future research can build on the work 
presented here. 
1. General Conclusions 
The following general conclusions can be drawn from the thesis and the synopsis presented 
below. Decision makers should understand exactly what is considered amongst the range of 
possible indicators when comparing different remediation technologies. Boundary conditions 
should be consistent between alternatives and careful attention should be paid to impacts or 
parameters that could potentially be double counted. Decision makers should also be careful 
not to overlook crucial impacts and impacts of a large magnitude when aggregating results.  
 
Generic integrated assessment approaches need to be tailored to the specific context of 
brownfield redevelopment. A narrow scope of consideration focused only on minimizing 
primary and secondary environmental impacts can result in other potential burdens to society 
being overlooked. In the LCA chapter the burden that has been overlooked in all LCA studies 
to date is the long duration of certain remediation technologies. 
 
Impacts on-site affect the local community during each phase of the brownfield 
redevelopment including the eventual reoccupation of the site. Existing brownfield 
redevelopment tools only focus on the eventual site reoccupation and the design of the site 
in terms of how it will benefit inhabitants on-site. The boundary of considerations can be 
extended to include the interests of the local community around the site. A spatially explicit 
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dimension can be added to existing indicators for a more accurate evaluation of how different 
redevelopment designs impact the local community. 
 
The secondary benefits of nature-based solutions can be evaluated with an ecosystem 
services approach. Nature-based solutions are an alternative to conventional engineering 
approaches and allow natural processes to manage environmental problems. In the case 
study presented, the site is water logged and nature-based solutions will be implemented to 
manage precipitation run-off. The value of the secondary benefits in monetary terms can 
exceed the benefit of the primary function of the nature-based solutions. Evaluating nature-
based solutions economically reflects the value to society of such approaches. Including 
green space in brownfield redevelopment designs contributes to urban resilience and 
sustainability in general but the extent to which it does is not yet measurable. 
2. Research Synopsis 
2.1. Chapter 2: Existing Sustainability Appraisal Tools 
Decision making in brownfield redevelopment consists of two broad planning phases: the 
remediation of the contaminated subsurface and the redevelopment spatial design. The 
existing tools can be categorized according to these two planning phases (See Figure 2-1), 
although there is a certain degree of overlap with regard to the indicators included in the 
different types of tools. The chapter discusses the differences between sustainable 
technology appraisal DSSs and sustainable site redevelopment appraisal DSSs. The 
application of sustainable technology appraisal tools in Chapter 2 demonstrates where such 
tools can be refined in order to provide more accurate and balanced evaluations. The key 
methodological inconsistencies are highlighted paving the way for further refinements and 
laying the foundation for integrating the two decision phases. 
2.1.1. Sustainable technology appraisal DSSs 
The differences in results between tools are due to the scope of the indicator sets, the 
impacts that are considered and how the impacts are aggregated. The specific tools 
developed for sustainable technology appraisal are based on the life-cycle assessment 
philosophy and balance a range of criteria usually within a multi-criteria decision analysis 
framework. The tools are claimed to be based on the LCA approach because they go beyond 
simply considering the benefit of improved soil and groundwater quality brought about by 
remediation and also consider ‘secondary impacts’. This allows decision makers to avoid 
simply shifting the environmental problem of the contaminated subsurface to another 
environmental compartment. For example, operating machinery on-site, results in the release 
of atmospheric emissions (such as CO2, NOX, SOX and PM) into the atmospheric 
compartment. The impact to the atmospheric compartment is considered along with the 
benefit of removed contamination in the subsurface compartment. The tools include a range 
of other environmental indicators, some of which are also included as impact categories in 
standard life-cycle impact assessment approaches. Beyond the environmental and material 
flows, various social and economic indicators are also considered. How these indicators are 
balanced in the tool structure was evaluated along with how this influenced the case study 
results. A selection of four tools was applied to a case study and the differences in the results 
between tools were explained with reference to the tool indicator sets and tool assessment 
procedures. The observations of the study are summarized in the following subsections. 
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Fair boundary conditions 
Sustainable technology appraisal tools differ fundamentally from LCA in that they do not use 
a conventional functional unit as a basis of comparison. Unlike the manufacture, use and 
disposal of a unit of a product, the remediation of a subsurface space cannot be reduced to a 
unit in a linear reference flow. The tools simply assume a remediation target that is fixed 
between the technologies being compared. The unit of comparison is therefore achieving an 
acceptable average contaminant concentration level in the soil and groundwater 
compartments. This differs from the functional unit used in LCA of remediation technologies, 
which is usually an acceptable reduction in contaminant load within a defined soil and 
groundwater compartment volume.  
 
In comparing alternatives, the boundary conditions of the different technologies are not 
consistent. 3 out of the four tools applied to Petroleum Zuid case study, considered all the 
emissions produced and resources consumed on-site, however the impact of ex-situ 
(excavation and off-site soil treatment) technologies was limited to transport of soil. The 
boundary conditions used in the tools for in-situ technologies are different to those used for 
ex-situ treatment in the sense that the resources required and emission produced in treating 
the soil itself are accounted for in the in-situ technology evaluations but not in the ex-situ 
technology evaluations. The boundary conditions in the tools are arbitrarily limited to only 
considering processes occurring on-site and the necessary transport to and from the site 
required for this. The comparison of in-situ and ex-situ technologies is therefore distorted. 
Conventional LCA avoids such problems with the use of a functional unit in which the 
location of processes is not a boundary condition. 
 
 Indicator Selection 
The comparison of sustainable technology appraisal tools evaluates the indicator sets of 
each tool with reference to the indicators deemed to be important by SuRF-UK. SuRF-UK 
was the first remediation and contaminated land management forum to produce an 
exhaustive indicator framework for sustainability assessment within the contaminated land 
management context (SuRF-UK, 2011). The comparison assumes that the SuRF-UK 
framework and indicators included reflect a current general consensus on what are important 
considerations with regard to achieving sustainable remediation. The SuRF-UK framework 
was therefore used as a reference framework to compare the different tools. 
 
The SuRF-UK indicators are classified according to the three pillars of sustainability: 
environmental, social and economic. The tools that were evaluated do not include many of 
the indicators suggested by SuRF-UK and the emphasis in the tools tends to be on 
environmental impacts. The economic indicators are limited to the direct costs incurred by 
the problem owner and the social indicators tend to be vague qualitative measures which in 
most cases would need to be based on expert opinion. Approaches to quantifying the social 
and broader economic impacts of remediation, do not yet exist. 
 
Weighting impacts and balancing sustainability aspects 
Individual indicator results in the Sustainable technology appraisal tools are standardized, 
usually to reflect a value of between 1 and 10, and then a weighting schedule is applied to 
each indicator individually. Standardizing indicator results reduces the absolute extent or 
magnitude of the impact measured to a fixed scale, allowing the different indicators to be 
comparable to one another. The weighting step allows the importance of the different 
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indicators in relation to one another to be included. Two of the tools considered, REC and 
GoldSET, as well as the OVAM BATNEEC procedure (not included in chapter) a further 
standardization and weighting step is applied to the aggregated results for each sustainability 
category, into which the different indicators are classified. The second standardization and 
weighting step runs the risk of diluting crucial individual impacts. In the tool examples 
mentioned, each category also includes a varying numbers of indicators. Therefore the 
categories that include more indicators are also further diluted when aggregated. In other 
words, it is possible that indicators that are in a category with one or two other indicators 
have a larger influence on the aggregated result than indicators that are in categories with 
multiple indicators. The pillars of sustainability provide for a conceptual understanding of how 
changes in the environment are relevant to society and the economy as well as pointing out 
that holistic decision making requires the consideration of all three. However, the framework 
does not prove that the different pillars or aspects are necessarily of equal value or that a 
certain balancing ratio of aspects is necessary. Simply dividing a set of indicators according 
to the pillars is intended to reflect the degree to which the different aspects are impacted but 
in the case of the selected tools, the different aspects include varying numbers of indicators 
and this could potentially distort the aggregate result. 
 
Not all indicators considered in sustainable technology appraisal tools necessarily fit the 
definition of one pillar of sustainability or another. Moving an indicator from one aspect to 
another would change the final result. The different tools attribute different sustainability 
aspect categories to certain indicators. For example, some tools consider labor hours 
required as a financial cost and therefore an economic impact whereas other tools consider 
labor hours required as a social benefit (providing someone with income). The line between 
what constitutes an economic or social impact is blurred and seems to depend on whether or 
not a monetary exchange is accounted for or not. A key conclusion is that the end-user 
needs to be well aware of the indicators included in the tools and how they are aggregated.  
 
Double counting 
The indicator approach of considering impacts at a specific instance in causal chain of 
events can result in impacts being double counted. For example, GoldSET includes an 
indicator of free phase product removed. If this is considered along with an indicator of the 
eventual soil quality achieved which refers the extent to which a remediation target is 
reached, part of which is the removal of free phase product, then the benefit is being 
considered twice. The example referred to in Chapter 2 is of the duration of treatment being 
included both in terms of on-site occupation and in terms of contaminant exposure risk over 
time. Paradoxically, the duration of treatment is not considered as an impact at all in the 
actual LCA studies of remediation technologies to date. 
2.1.2. Sustainable site redevelopment appraisal DSSs  
The sustainable site redevelopment appraisal DSS such as MMT, DESYRE and SBR 
evaluate the eventual redevelopment scenario in terms on spatial design and how this caters 
for people’s needs on-site in the eventual use of the site. The focus of the tools is on 
optimizing on-site space allocation between land-uses, therefore the scope of the tools is 
specifically focused on-site and limited to the re-occupation phase. 
 
The existing state-of-the-science provides opportunities to develop such tools in considering 
local communities needs and how they will be impacted during remediation through the 
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reconstruction and redevelopment of the site and in the eventual occupation of the site. From 
the conclusions in chapter 2, the thesis addresses challenges in the application of three 
different integrated assessment approaches in the brownfield redevelopment context. Firstly, 
LCA, which reflects the material flows of resources and emission throughout the life-cycle of 
remediation alternatives, is adjusted to better fit the specific context of remediation and to 
reflect the resource loss of long duration alternatives. Secondly, the benefit of the space on-
site to the local community is understood in terms of how the on-site design can bring local 
residents closer to essential social amenities using mapping technology and spatially explicit 
indicators in GIS. Thirdly, the value to society of green space, green infrastructure and 
nature-based solutions in the urban environment and how this applies to the brownfield 
context is demonstrated using ESS valuation. The following sub-sections summarize the 
results of the 3 chapters. 
2.2. Chapter 3: Life-cycle assessment in the brownfield remediation context 
 
A starting point for the integration of sustainable remediation strategy decisions and 
sustainable redevelopment decisions is in understanding the trade-off between the potential 
value of a brownfield site to society as resource and the environmental costs of making the 
site available sooner. LCA makes the various environmental trades-offs between product and 
service alternatives explicit and considers the impacts brought about throughout the life-cycle 
of the alternatives. LCA studies on remediation technologies reveal an inverse relationship 
between global emissions related impacts and the duration of remediation, without reflecting 
the implications of long duration remediation alternatives. In this sense the shifting of the 
burden of long duration technologies, in terms of space occupied during remediation, is into 
the societal aspect of the sustainability. Chapter 3 applied the LCA methodology to two 
piloted remediation alternatives for the Biochim SRI site in Vilvoorde-Machelen and 
demonstrated how urban land can be valued as a finite resource along with potential 
ecosystem damage considerations in the conventional LCA approaches. 
2.2.1. Aggregating land value in LCA 
Water, precious metals and fossil fuels are all considered to be finite resources in LCA. LCA 
accounts for the impact to the environment of utilizing water, precious metals and fossil fuels 
both in terms of the environmental damage caused by extracting, processing and disposing 
of these resources and in terms of the depletion of the resources themselves. Urban space is 
also a finite resource and brownfields present a context specific problem in which the land 
on-site is underutilized as long as there are contaminant exposure risks. Land-use is an 
impact category in LCA but it is evaluated only in terms of the destruction of ecosystems. 
The method amendment in Chapter 3 allowed all urban land occupied throughout the life-
cycle of the remediation technologies to be accounted for and reflected in the impact 
assessment results. Land occupation is a factor of area and time. The area of the site 
occupied during remediation and the time required by the remediation alternative is 
considered along with the areas and occupation times of all the other processes in the life-
cycle of the remediation technologies. The impact is then normalized according to the urban 
land-use needs annually of an average Europe urban resident.  
2.2.2. Trade-off between emissions produced on-site and off-site 
The Biochim remediation case study also revealed that climate change impacts due to 
emissions and energy usage are not necessarily correlated when evaluating remediation 
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technologies. The contaminant extraction mechanism in the thermal treatment of soil off-site 
is far more energy efficient than the contaminant extraction mechanism of in-situ multiphase 
extraction, however the emissions from the thermal treatment are far larger than that of the 
multiphase extraction. In-situ multiphase extraction has the advantage of allowing the organic 
fraction of the soil to stay intact in the subsurface and the advantage of recuperating a large 
percentage of free-phase product, whereas the thermal treatment converts the organic 
fraction and contaminant mass into CO2. 
2.2.3. Trade-off between emissions and land-use 
Figure 3-4, clearly shows that the largest impacts are due to climate change contributions, 
energy emissions and land-use. The case study demonstrates and reiterates that there is a 
trade-off between making the brownfield site available for redevelopment and occupation 
sooner with the cost of greater CO2 emissions and the site becoming available for 
redevelopment later with lower CO2 emissions. Technological improvements to the 
contaminant extraction efficiency of the multiphase extraction technology would be a solution 
to reducing site occupation and CO2 emissions.  
2.3. Chapter 4: Social amenity proximity analysis for brownfield communities 
Chapter 4 presents a method specifically developed for evaluating the network travel 
distance to essential amenities from households located around idle brownfield sites. The 
method compares their existing walking distances along the road network to hypothetical 
scenarios in which the amenities are included on-site. The method was developed in four 
phases. Firstly, existing Sustainable site redevelopment appraisal DSSs, neighborhood 
sustainability assessment tools and specific GIS platform toolboxes were reviewed to 
determine how travel distance to amenities were already considered and the extent to which 
proximity analysis fulfilled this specific objective. The second phase consisted of a literature 
review of social indicators specifically for evaluating the physical attributes of the built 
environment that contribute towards the livability of redevelopment brownfield areas and 
general urban renewal. The most relevant social amenities were identified and categorized 
according to the services they deliver to local communities. The third phase involved 
measuring network distances from households to the different amenities for the entire 
Flemish region in order to provide a reference by which to compare individual sites. Finally, a 
means of quantifying and measuring network distances for local communities within a spatial 
extent was developed.  
2.3.1. Existing sustainable brownfield redevelopment tools 
The existing approaches, such as those used in sustainable site redevelopment appraisal 
DSSs account for the site’s distance to the nearest amenity (See Table 4-1). Eventual 
inhabitants of the redeveloped brownfield should be in walking distance from amenities such 
as green spaces, meeting places, schools and shops. The indicators used do not account for 
how the size of the site influences the distance results nor do they account for the distance to 
amenities of the local community around a site. The more detailed spatially explicit tools 
compare different siting locations for specific types of businesses. The method developed 
here focuses on the specific site in question and allows stakeholder to consider the benefit of 
including certain amenities on-site in terms of reducing the network travel distance for local 
inhabitants. The scope of consideration is extended beyond existing tools to include 
stakeholders around the site and reflects the extent to which every household is brought 
closer to the various amenities. 
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2.3.2. Radius of influence and aggregating results 
The method assumes that local residents will benefit in terms of reduced network travel 
distance by including the different amenities on-site. Local residents around the site are 
defined within a limited spatial extent. The Alvat Buggenhout case study used to demonstrate 
the method and the spatial extent or ROI was set at 1 km. The choice of 1 km was roughly 
based on all the amenities considered (apart from pharmacies) being within 1 km along the 
road network of 50% of the Flemish population. The method then compares the changes in 
travel distance to the nearest amenity for each household within the ROI as well as for the 
average resident. 
2.3.3. Method improvements 
The value of the results from the method can be improved by firstly including a capacity 
dimension for the various indicators, considering how many people the amenities would need 
to cater for. The benefit of a school on-site for example is also dependent on the number 
children in the community. The population age profile will allow for the method to determine 
whether the site would best serve the community as primary or secondary school. 
 
The method could also be improved by including a weighting schedule in order to determine 
the relative importance of the different amenity types. The average frequency of visits to the 
different types of amenities could be used to determine annual travel distances to the 
different amenities. Beyond annual travel distance reductions, certain local residents may 
want to be close to a doctor in case of medical emergencies. The factors beyond distance 
consideration can be accounted for by including a stakeholder defined weighting schedule. 
2.4. Chapter 5: Nature-based solutions in brownfield redevelopment scenarios 
Chapter 5 presents a combination of ecosystem services valuation methods specifically for 
evaluating the societal benefit of including nature-based solution in the brownfield 
redevelopment context. Nature-based solutions provide an alternative to conventional and 
hard engineering approaches to managing environmental problems. In the case study 
example of Petroleum Zuid, Antwerp, the site is water logged and various nature-based 
solutions will be implemented to manage this problem. The redevelopment of the site will 
include a green corridor, vegetated gullies (wadi’s) and green roofs to minimize time of 
concentration of surface run-off and maximize recharge. The nature-based solution also 
provide secondary benefits such as air filtration, local climate regulation, carbon 
sequestration and provide recreational opportunities to local residents. The valuation method 
allows for the benefits to be accounted for in terms of their potential value to society and 
compared to the financial costs of implementing the nature-based solutions and other 
conventional alternatives. The use of a monetary value is easily understood by stakeholders 
and can also be reflected in their per capita benefit. 
 
The method was developed in three stages. The most relevant ecosystem services 
indicators for the brownfield context were identified with a literature review. A second 
literature review identified potential valuation factors that could be applied to the individual 
indicators. The final step involved determining a weighting schedule based existing data, 
where such data already exists, and expert opinion. 
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2.4.1. Ecosystem services valuation results 
The application of ESS valuation methods showed that the value of the secondary services 
provided by the nature-based solutions, exceed the value of managing surface run-off (see 
Table 5-3). Local climate regulation and recreational opportunities in the green buffer zones 
provided the most value amongst the services considered. For each service the green 
corridor provides the most value, followed by the wadis and then the green roofs. The 
surface area covered by the nature-based solution has a strong influence on the magnitude 
of the biophysical flows of regulating services. 
2.4.2. Method improvements in the future 
The Petroleum Zuid/ Blue Gate redevelopment case study included only one scenario in 
which all three of the nature-based solutions would be included. The combined methods 
applied to the case study, would of course, be useful for comparing alternative scenarios. 
Three potential considerations require further investigation, not only for improving the method 
presented here but for ecosystem service valuation techniques in general. Firstly, the 
conclusion in chapter 2 regarding a need for an objective means for choosing the most 
relevant indicators in sustainability appraisal also applies in the context of selecting the 
relevant ecosystem services. Chapter 5 highlights examples of ‘ecosystem disservices’ 
which are well known but not accounted for in existing studies. Another conclusion from 
chapter 2 that is relevant to improving ecosystem indicators sets is in identifying whether an 
impact is a benefit or a cost. The example mentioned in chapter 2 with regard to sustainable 
technology appraisal tools is whether labor hours required ought to be considered as a social 
benefit or economic cost. The same indicator applies to the maintenance of vegetated areas 
(see Table 5-1) and whether it should be viewed as creating an employment opportunity and 
therefore a cultural services or whether it should be viewed as financial cost in the same 
sense as conventional infrastructure maintenance. From a societal cost benefit analysis 
perspective maintenance work is a financial cost, but from a local perspective employment 
opportunities can be considered to be a benefit. 
 
ESS valuation at present is still quite rudimentary in terms of accounting for the demand side 
of ecosystem service provisioning. Chapter 4 shows that the existing sustainable site 
redevelopment appraisal DSSs account for whether certain amenities are near to a site but 
the tools do not account for who exactly is benefiting from the services delivered by the 
amenities. The ESS method in Chapter 5 and ESS valuation in general could be improved by 
determining the recipients of the services and their exact proximity to the biophysical flows 
provided by green spaces. A further development of the method would include a spatially 
explicit dimension to the valuation procedure. 
 
Finally, valuing ecosystem resilience to future environmental changes and environmental 
catastrophes in monetary terms is very difficult and to date there is no consensus on how this 
should be performed. Ecosystem resilience would be a measure of how the provisioning of 
ESS mitigates the consequences of anthropogenic environmental destruction and in the 
brownfield context would determine the extent to which brownfield redevelopment projects 
contribute toward the sustainability of the greater urban environment. 
3. Contributions to the State-of-the-Science 
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At the end of 2011 (the start of the PhD), a scientific literature search of key terms such as 
“remediation sustainability appraisal”, “sustainable remediation” and “sustainable brownfield 
redevelopment” revealed only two sustainability assessment tool reviews. The first review by 
Onwubuya et al., (2009) reviewed 10 tools specifically designed for remediation technology 
sustainability appraisal with a particular focus on stakeholder knowledge of tools and whether 
passive remediation technologies are adequately considered by the tools. Onwubuya et al., 
(2009) point out that the two most “widely used instruments” at that point in time were MCA 
and LCA. The second review by Pediaditi et al., (2010) evaluated 28 tools including tools for 
assessing nature restoration and preservation, urban greening as well as brownfield 
redevelopment stakeholder analysis. The focus of the review was on determining to what 
extent, the tools support the monitoring of brownfield greening projects.  
 
A starting point for the research in this thesis was to understand where in the remediation 
and redevelopment process the tools were applied. The scope of the thesis was also defined 
in terms of decision making steps in the planning phase and therefore not in the monitoring 
or post redevelopment phases. In other words the thesis focused on ex ante decision tools. 
Neither of the reviews applied the tools to a case study to understand how the results would 
differ. The first research chapter would involve applying available tools to a brownfield 
redevelopment case study. After six months of contact with tool developers and engineering 
consultancies, 6 tools were available for comparison, 5 of which were specifically for 
technology sustainability appraisal (CO2 Calculator, GoldSET, REC, SRT and SiteWise) and 
one of which was for brownfield redevelopment scenario evaluation (MMT). The results from 
MMT would not be comparable to the results from the other tools since it focused on the 
redevelopment design. SRT and SiteWise are very similar and therefore the final selection of 
tools for comparison was the CO2 Calculator, GoldSET, REC and SRT. Cappuyns published 
a detailed review of the Flemish BATNEEC MCA, the CO2 Calculator and REC in 2013, 
applying the three tools to three case studies (Cappuyns, 2013). Cappuyns focused 
specifically on how the environmental performance of novel thermal techniques is evaluated 
by the tools. The focus of Chapter 2 was therefore on how the other dimensions of 
sustainability were accounted for in such tools. The results of Chapter 2 were published by 
the end of 2013 in (Beames et al., 2014). 
 
Chapter 2 identified life-cycle assessment as the theoretical rationale behind selecting 
suitable indicators in remediation technology sustainability appraisal. Life-cycle assessment 
has been applied to remediation technologies since 1999 (see Chapter 3) and three reviews 
have identified the challenges and potential of LCA in this context since 1999 (Suer et al., 
2004; Lemming et al., 2010b; Morias et al., 2010). All three reviews identified land-use as an 
important consideration and discuss the problem of accounting for the large variation in 
duration of treatment between different technologies. Chapter 3 was intended to address this 
challenge by reflecting differences in on-site occupation between different remediation 
technologies. The results of the method amendment were published in 2015 (Beames et al., 
2015).  
 
Between 2012 and 2015 a small number of researchers published scientific research on 
sustainability assessment of remediation technologies and brownfield redevelopment. 
Chapter 2 identified the social domain of sustainability requiring further development. 
Volchko et al. (2014), Rosén et al. (2015), and Söderqvist et al.(2015) developed the 
Sustainable Choice Of REmediation (SCORE) MCA tool which was a more sophisticated 
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approach to sustainability assessment than the existing tools and which managed to broaden 
the scope of consideration in the existing tools to better account for the social and economic 
domains of sustainability. At the same time Schädler et al. (2013), published results from the 
various modules included in the MMT tool. The sustainability assessment module of MMT 
focused on the redevelopment phase. The social impact assessment indicators used to 
evaluate the eventual design of the site and the use of spatially explicit computation 
processes were novel approaches in brownfield redevelopment sustainability assessment. 
MMT however only considered inhabitants on-site which didn’t reflect the broader societal 
benefits of different redevelopment designs especially with regard to smaller sites. The 
decision was made to link the technology assessment focus of the previous 2 research 
chapters and especially the rational in the LCA chapter of accounting for the societal value of 
brownfield space, with the redevelopment phase, further investigating how local communities 
around brownfield sites would otherwise benefit from space on-site.  
 
Volchko et al. (2014) developed a soil function assessment methodology in order to account 
for the soil’s provision of ecosystem services delivered by different remediation alternatives. 
Rall and Haase (2011) considered the interim use of brownfield as green areas before 
redevelopment and quantified the various potential ecosystems according to surface area, 
without translating this into actual biophysical flows and monetary values. Bardos et al. 
(2016) developed a framework for optimizing the benefits from green space for both the 
interim use and after redevelopment. The framework balances different considerations 
qualitatively and the benefits of green infrastructure were included as a small component of 
the overall structure. The final research chapter of the thesis considers a broader range of 
ecosystem services in the eventual site redevelopment scenario and demonstrates the 
economic valuation of such services. Again the scope of consideration is broader than only 
on-site considerations and extended to include benefits to local residents. 
 
Flanders in particular, being a densely populated region, with relatively limited land resources 
has had to be innovative in terms of its contaminated land management regulations. The 
brownfield covenant encourages real estate developers to invest in redevelopment projects. 
However achieving consensus amongst various stakeholders is still a challenge in many 
cases. A goal of the thesis was to allow for decision methods to better fit the brownfield 
context and in doing so allowing decision makers to better communicate with stakeholders. 
The inclusion of indicators based on walking distance and the monetary equivalents of the 
service delivered by green infrastructure can be used to elaborate on the implications of 
brownfield redevelopment initiatives. 
4. Future Research Avenues 
The SuRF-UK indicator framework includes a number of indicators that have only been 
considered qualitatively in sustainable technology appraisal tools. Geographical information 
science opens up a whole range of possibilities in which social and economic impacts can be 
understood in terms of their spatial effect. For example the spatial extent to which air 
pollution from different technologies will impact the neighboring community can be mapped 
so that residents downwind from or nearest to the emissions source can be identified. Road 
network traffic exacerbated by the transport of machinery and soil to and from the site can 
also be compared more accurately between different technologies.  
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A perspective research question relevant to impacts occurring over time is in determining 
how the intensity of impacts over time ought to be accounted for (Cucurachi et al., 2016). 
This is relevant to integrated assessment in general and is well illustrated by brownfield 
redevelopment contexts. For example, how should noise from different remediation 
technologies be accounted for over time, if some alternatives produce a high level of noise 
within a short time frame, whereas others produce a low level of noise over a prolonged 
period of time? The valuation approach applied to the noise buffering capacity of nature-
based solutions compares the reduction in intensity of noise (in dB) and this is reflected 
annually. By the same reasoning, the level of noise could be measured or predicted in dB 
and simply multiplied by the duration of remediation operations. However, whether the 
discomfort caused by high levels of noise is actually equivalent to a lower level of noise over 
a longer period of time is questionable. When integrating the two phases of decision making, 
technology selection and redevelopment design, the impacts of both occur over a period of 
time. The question then is whether the duration (in years or months) fully captures the extent 
of the impact especially in cases where the impact’s intensity is very high over a short period 
of time. 
 
Resources consumed and emissions produced are impacts that are well considered by 
existing sustainable technology appraisal tools and in the application of LCA to remediation 
technology evaluation. With regard to the redevelopment of the site, the existing tools and 
frameworks consider spatial impacts on-site as well as the benefit of vegetative surfaces and 
“soft land-uses”, however they do not account for the impacts of construction in the phase 
between remediation and redevelopment. A more holistic approach to considering the entire 
range of decision phases would include the environmental, social and economic impacts of 
constructing buildings and infrastructure on-site. This would include the resources consumed 
and emission produced as well as the broader social impacts to the local community 
mentioned in the previous paragraph. To add to this, the sustainability of the eventual 
redevelopment can also be evaluated in terms of the potential emission produced, energy 
efficiency and material needs of the intended future land-use. A starting point for this would 
be a review of the green building practices used in ‘Neighborhood Sustainability Assessment’ 
tools (Haapio, 2012; Sharifi and Murayama, 2013, 2014; Komeily and Srinivasan, 2015). The 
application of GIS and mapping technologies could also add to the precision of green 
building certification processes and ‘Neighborhood Sustainability Assessment’ indicators. 
 
Finally, the ecosystem services approach developed in the thesis considers benefits to 
society annually. An additional consideration which is also relevant to duration of remediation 
is the value of overgrowth on abandoned sites in terms of their ecosystem services 
provisioning. The consideration is relevant to scenarios in which natural attenuation is 
feasible and a potential alternative. Unlike redeveloped brownfields, an abandoned site may 
be closed-off from the public due to potential contaminant risk exposure hazards and 
hazards posed by dilapidated buildings and structures. Even without visitors, an abandoned 
site can still serve as a refuge for animal and plant species. Depending on the size of the site 
and where people are located in relation to it, the overgrowth may also dampen noise from 
other active sites in the vicinity as well as provide air filtration and local climate regulation. 
The potential benefit of these services annually would need to be weighed against the same 
benefits provided for by green space in the redevelopment scenario or a least taken into 
consideration when comparing scenarios in which the site continues to remain unoccupied. 
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Appendix 1: Chapter 1 Supporting Information 
 
Overview of decision support methods 
 
Figure A1-1: The original categorization scheme for representing the degree to which 
decision support methods integrate sustainability considerations taken from Sala et al., 2015 
  
Appendixes 
 
137 
 
Appendix 2: Chapter 2 Supporting Information 
1. Introduction 
The inputs for the evaluated tool in chapter 2 were based on the following documents: 
 
a) Arcadis Belgium NV (2009). BODEMSANERINGSPROJECT: Investeringszone 
Petroleum Zuid, Antwerpen - In opdracht van Studiesyndicaat. Projectnummer – 
11/003993. Antwerp, Belgium 
 
b) Arcadis Belgium NV (2008). RISICO-EVALUATIE: Investeringszone Petroleum Zuid 
Antwerpen - In opdracht van GO IPZ nv. Antwerp, Belgium 
 
c) RebelGroup Advisory (2008). MKBA van Investeringszone Petroleum Zuid, 
Eindrapport. Maatschappelijke Kosten-Batenanalyse (MKBA) van de Sanering en 
Herontwikkeling van de Investeringszone Petroleum Zuid (IPZ). Documentnummer 
1097-004-20. Antwerp, Belgium 
2. Case Study Additional Details 
The entire Petroleum Zuid site can be divided up into three zones that will be remediated and 
redeveloped at different stages: Petroleum Groen (PG), Fonds voor Spoorweginfrastructuur 
(FSI) and Scheldekaaien (SK) (See figure below). PG is predominately contaminated with 
mineral oil (see details below), whereas FSI and SK are predominantly contaminated with 
heavy metals (lead), poly aromatic hydrocarbons and Benzo(a)pyrene. PG will be the first 
zone to be remediated before redevelopment commences. The remediation alternatives 
compared in Chapter 2 apply to PG. PG makes up approximately 36 ha of the 63 ha of the 
site that remains idle. 
 
 
 
Figure A2-1: Petroleum Zuid, Antwerp, redevelopment zones 
 
a) Petroleum Groen Site Characterization 
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i) Geology 
 
Petroleum Zuid was originally a polder area within in the Scheldt flood plain. The specific 
geology of PG is described in the table below. The depth ranges of the different strata vary 
across the site. 
Table A2-1: Geology of PG 
Approximate Depth profile Geological Formation 
0.0 – 2.0 Artificial Fill (sand) 
2.0 – 3.0 Alluvial Clay Lenses 
3.0 – 5.0 Quaternary Sand 
5.0 and below Boom Clay 
 
ii) Hydrology 
The groundwater table is at 0.5 meters below land surface and there is mixing between the 
first unconfined aquifer and the second aquifer. The groundwater in the first aquifer flows in a 
northwestern direction towards the Leigracht. The groundwater in the second aquifer flows in 
a western direction towards the Hoboken’s Polder.  
 
iii) Contamination 
The LNAPL zones across PG have a total area of approximately 137 500 m2.The LNAPL 
varies in both its depth profile and concentration across the site. Generally the LNAPL zones 
range in depth from between 0.5 m to a 2.3 m below the surface.  The total volume of the 
subsurface contaminated to above the regulatory norm for mineral oil (1500 mg/kg d.m.) is 
284 800 m3 and the total contaminant load is approximately 6 777 metric tons. The average 
soil bulk density of the contaminated volume is 1800 kg/m3. An average concentration value 
of 13 740 mg/kg can be determined from the load and soil volume, however, the 
concentrations vary largely across the LNAPL zones. The LNAPL is weathered and consists 
mostly of aliphatic hydrocarbons with limited volatility, water solubility and biodegradability. 
The average concentration of mineral oil in the groundwater is 7400 μg and the regulatory 
norm is 500 μg/l. 
3. Overview of Inputs 
a) CO2 Calculator 
Table A2-2: CO2 Calculator inputs for Excavation to 20 000 mg/kg d.m. 
Category Field Input 
Excavation Soil excavated (m3) 202985 
Excavated soil cleaned on-site (m3) 180686 
Protective material under excavated soil HDPE 
Fuel type for excavators Diesel 
On-site soil treatment Re-use of soil on-site (m3) 180686 
Backfill brought to site (m3) 22299 
Off-site soil treatment Amount of soil to be sieved and sorted (m3) 202985 
Ex-situ physical/chemical soil treatment (m3) 87750 
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Ex-situ bioremediation (m3) 92936 
Ex-situ thermal soil treatment 22299 
Transport of soil to soil 
cleaning facility (GRC) 
Distance from site to GRC (km) 15 
Mode of transport Barge 
Groundwater extraction Duration of groundwater extraction  
(days) 
570 
Extraction capacity (m³ per hour) 15-25  
Groundwater purification Duration of groundwater purification 570 
Stripping tower capacity (m³ per hour) 15-25 
Air Activated carbon capacity (m³ per hour) 15-25 
Activated carbon used (tons)  44 
 
Table A2-3: CO2 Calculator inputs for Excavation to 1500 mg/kg d.m. 
Category Field Input 
Excavation Soil excavated (m3) 284800 
Excavated soil cleaned on-site (m3) 254550 
Protective material under excavated soil HDPE 
Height of soil deposits (m) 10 
Fuel type for excavators Diesel 
On-site soil treatment Re-use of soil on-site (m3) 254550 
Backfill brought to site (m3) 30250 
Off-site soil treatment Amount of soil to be sieved and sorted (m3) 284800 
Ex-situ physical/chemical soil treatment (m3) 87750 
Electricity mix for physical cleaning Grey 
Ex-situ bioremediation (m3) 166800 
Ex-situ thermal soil treatment 30250 
Transport of soil to soil 
cleaning facility (GRC) 
Distance from site to GRC (km) 15 
Mode of transport Barge 
Groundwater extraction Duration of groundwater extraction  
(days) 
774 
Extraction capacity (m³ per hour) 15-25  
Groundwater purification Duration of groundwater purification 774 
Stripping tower capacity (m³ per hour) 15-25 
Air Activated carbon capacity (m³ per hour) 15-25 
Activated carbon used (tons) 60 
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Table A2-4: CO2 Calculator inputs for In situ Thermal Desorption 
Category Field Input 
Installation Extraction wells (number) 5846 
Material HDPE 
Well screen depths (m) 0.5,1,1.5 
and 2 
Filter diameter (mm) 110  
Conductive Heating Elements (Volume m3) 23384 
Pumps with capacity  600 m3/h 
Number of pumps  50 
Subsurface volume (m3) 202985 
Transport  Distance for installation to be transported 
(km) 
77 
Liters of fuel per kilometer 0.25 
Fuel type Diesel 
 
Table A2-5:CO2 Calculator inputs for Monitored Natural Attenuation 
Category Field Input 
Monitoring personnel Visit to site  65 
Personal vehicle distance (km) 20 
Fuel used Benzine 
Liters fuel per km 0.25 
Transport of monitoring 
materials 
Truck distance (km) 20 
Fuel type Diesel 
Liters of fuel per kilometers 0.25 
Monitoring materials Well casings total length (m) 400 
Well casing material PVC 
Casing diameter (mm) 50 
Installation Drilling of wells, total depth of together (m) 400 
 
b) SRT 
 
Table A2-6: SRT inputs for Excavation to 20 000 mg/kg d.m. 
Category Field Input 
Soil Inputs Area of affected soil (ft2) 953144 
Depth to top of affected soil (ft.) 9.84 
Depth to bottom of affected soil (ft.) 1.64 
Depth of groundwater (ft.) 1.64 
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Contaminant Class (Adjusted for mineral oil 
at site) 
Mineral Oil 
Maximum concentration in mg/kg 20000 
Soil type Sandy 
(poorly 
graded) 
Typical concentration in mg/kg 13 740 
Ecosystem valuation 
 
Increase in economic value due to project           High 
Benefit of ecosystem service value due to 
project 
High 
Current ecosystem setting Industrial 
Future ecosystem setting Industrial  
Excavation Design 
 
Average distance travelled by workers 
(miles) 
12 
Trips by site workers during construction  406 
Trips by site works after construction  406 
Distance to disposal (miles) 9.3 
Type of disposal Hazardous 
 
Table A2-7: SRT inputs for Excavation to 1500 mg/kg d.m 
Category Field Input 
Soil Inputs Area of affected soil (ft2) 1286987 
Depth to top of affected soil (ft.) 9.84 
Depth to bottom of affected soil (ft.) 1.64 
Depth of groundwater (ft.) 1.64 
Contaminant Class (Adjusted for mineral oil 
at site) 
Mineral Oil 
Maximum concentration in mg/kg 20000 
Soil type Sandy 
(poorly 
graded) 
Typical concentration in mg/kg 13 740 
Ecosystem valuation 
 
Increase in economic value due to project           High 
Benefit of ecosystem service value due to 
project 
High 
Current ecosystem setting Industrial 
Future ecosystem setting Industrial  
Excavation Design 
 
Average distance travelled by workers 
(miles) 
12 
Trips by site workers during construction  551 
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Trips by site works after construction  551 
Distance to disposal (miles) 9.3 
Type of disposal Hazardous 
 
Table A2-8: SRT inputs for In-situ Thermal Desorption 
Category Field Input 
Soil Inputs Area of affected soil (ft2) 1286987 
Depth to top of affected soil (ft.) 9.84 
Depth to bottom of affected soil (ft.) 1.64 
Depth of groundwater (ft.) 1.64 
Contaminant Class (Adjusted for mineral oil 
at site) 
Mineral Oil 
Maximum concentration in mg/kg 20000 
Soil type Sandy 
(poorly 
graded) 
Typical concentration in mg/kg 13 740 
Ecosystem valuation 
 
Increase in economic value due to project           High 
Benefit of ecosystem service value due to 
project 
High 
Current ecosystem setting Industrial 
Future ecosystem setting Industrial  
Installation Design 
 
Average distance travelled by workers 
(miles) 12 
Trips by site workers during construction  100 
Trips by site works after construction  100 
Distance to disposal (miles) 9.3 
Type of Treatment Thermal 
Conductive 
Type of vapor treatment Thermal 
Oxidizer 
Does any part of the remediation zone lie 
below the water table? 
yes 
Depth to water 1.64 
 
Table A2-9: SRT inputs for Monitored Natural Attenuation 
Category Field Input 
Groundwater Inputs Area of Plume Zone 1 (ft2) 698896 
Area of Plume Zone 2 (ft2) 86100 
Area of Plume Zone 3 (ft2) 3588060 
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Area of Plume Zone 4 (ft2) 496944 
Contaminant Class (Adjusted for mineral oil 
at site) 
Mineral 
Oil 
Average concentration in mg/kg of Zone 1 5500 
Average concentration in mg/kg of Zone 2 3900 
Average concentration in mg/kg of Zone 3 1700 
Average concentration in mg/kg of Zone 4 71 
Depth to water (ft.) 1.64 
Depth to formation (ft.) 1.64 
Thickness of water bearing unit (Aquifer) (ft.) 8.2 
Hydraulic gradient 5 
Ecosystem valuation 
 
Does the groundwater discharge to surface 
water bodies 
         yes 
Type water body river 
Degree of impact low 
Installation Design 
 
Average distance travelled by workers 
(miles) 12 
Trips by site workers during construction  15 
Trips by site works after construction  50 
Number of monitoring wells 100 
Length of piping per well 13 
 
c) REC 
 
i) Risk Reduction 
 
Table A2-10: REC inputs for Risk Reduction 
Effects table Risk reduction Excavation 
to 20 000 
mg 
Excavation 
to 1500 
mg 
In situ 
Thermal 
Desorption 
MNA 
Humans 70.3% 92.4% 92.4% 2.5% 
Ecosystems 0.4% 0.4% 0.5% 0.5% 
Other objects 0.0% 0.0% 0.0% 0.0% 
Total 70.7% 92.9% 92.9% 3.0% 
 
ii) Environmental Merit 
Table A2-11: REC inputs for Environmental Merit of Excavation to 20 000 mg/kg d.m. 
Category Field Input 
Soil Inputs Soil density (kg/m3) 1800 
Contaminant Mineral 
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Oil 
Concentration in mg/kg 13740.9 
 
Total Volume (m2) 284 800 
Groundwater Inputs Contaminant Mineral 
Oil 
Concentration in ug/l 7400 
Groundwater compartment volume (m3) 14786 
Soil Quality 
 
Average load in soil compartment over 30 
years (kg) 
2975000 
Average load in groundwater compartment 
over 30 years (kg) 
103 
Soil Loss Supplemented Soil  (m3) 22299 
Re-used Soil (m3) 180686  
Groundwater loss Groundwater used 68400 
Energy use and emissions Soil excavated (metric tons) 
 274029 
Soil to be transported away from the site 
(metric tons) 
 22299 
 Distance transport away (km) 15 
Soil to be transported to the site (metric tons) 
 22299 
Extractive soil remediation (metric tons) 118463 
Thermal soil remediation (metric tons) 22299 
Other soil remediation (metric tons) 125463 
Groundwater extraction 68400 
Water to be purified 68400 
Waste Formation Waste soil clean-up (m3) 
 22299 
Waste water purification [m3] 
 44000 
Space used 
Space used in meter squared by years (area 
of site) 
    365076 
by 2 
years 
 
Table A2-12: REC inputs for Environmental Merit of Excavation to 1 500 mg/kg d.m. 
Category Field Input 
Soil Inputs Soil density kg/m3 1800 
Contaminant Mineral 
Oil 
Concentration in mg/kg 13740.9 
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Total Volume (m2) 284 800 
Groundwater Inputs Contaminant Mineral 
Oil 
Concentration in ug/l 7400 
Groundwater compartment volume (m3) 14786 
Soil Quality 
 
Average load in soil compartment over 30 
years (kg) 
2574725 
Average load in groundwater compartment 
over 30 years (kg) 
103 
Soil Loss Supplemented Soil  (m3) 30250 
Re-used Soil (m3) 244750 
Groundwater loss Groundwater used 92880 
 
Energy use and emissions Soil excavated (metric tons) 
 
371250 
Soil to be transported away from the site 
(metric tons) 
 
30250 
 Distance transport away (km) 15 
Soil to be transported to the site (metric tons) 
 
30250 
In situ soil remediation (metric tons) 0 
Extractive soil remediation (metric tons) 118463 
Thermal soil remediation (metric tons) 30250 
Other soil remediation (metric tons) 157000 
Groundwater extraction 92880 
Water to be purified 
92880 
 
Waste Formation Waste soil clean-up (m3) 
 30250 
Waste water purification [m3] 
 59796 
Space used 
Space used in meter squared by years (area 
of site) 
    365076 
by 2 
years 
 
Table A2-13: REC inputs for Environmental Merit of In-situ Thermal Desorption 
Category Field Input 
Soil Inputs Soil density kg/m3 1800 
Contaminant Mineral 
Oil 
Concentration in mg/kg 13740.9 
 
Total Volume (m2) 284 800 
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Groundwater Inputs Contaminant Mineral 
Oil 
Concentration in ug/l 7400 
Groundwater compartment volume (m3) 14786 
Soil Quality 
 
Average load in soil compartment over 30 
years (kg) 
298860 
Average load in groundwater compartment 
over 30 years (kg) 
103 
Groundwater loss Groundwater used 28317 
 
 
Energy use and emissions Thermal soil remediation (metric tons) 298860 
Space used Space used in meter squared by years (area 
of site) 
    365076 
by 1 year 
 
Table A2-14: REC inputs for Environmental Merit of Monitored Natural Attenuation 
Category Field Input 
Soil Inputs Soil density kg/m3 1800 
Contaminant Mineral 
Oil 
Concentration in mg/kg 13740.9 
 
Total Volume (m2) 284 800 
Groundwater Inputs Contaminant Mineral 
Oil 
Concentration in ug/l 7400 
Groundwater compartment volume (m3) 14786 
Soil Quality 
 
Average load in soil compartment over 30 
years (kg) 
6099300 
Average load in groundwater compartment 
over 30 years (kg) 
925 
Space used 
Space used in meter squared by years (area 
of site) 
    365076 
by 30 
years 
 
iii) Costs 
 
Table A2-15: REC inputs for Costs module 
 Excavation 
to 20 000 
mg 
Excavation 
to 1500 
mg 
In situ 
Thermal 
Desorption 
MNA 
Total costs in Euros (mln) 16.8 22.3 4.9 2.3 
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d) GoldSET 
i) Economic Dimension 
 
Table A2-16: GoldSET inputs for Economic Dimension 
 Excavation 
to 20 000 
mg 
Excavation 
to 1500 mg 
In situ 
Thermal 
Desorptio
n 
MNA 
Total costs in Dollars (mln) 22.1 29.4 6.3 3 
Net present value Discounted over 
(years)  
2 2 1 30 
Technological Uncertainty on Costs  
Assesses the level of technological 
uncertainty on costs. Managing 
technological uncertainty requires an 
assessment of previous experience 
with the technique. Appropriate 
measures can be recommended to 
reduce uncertainty related to 
performance. 
(possible values 0, 45, 90, 100) 
100 
(Marginal 
or no 
uncertainty 
with 
technology, 
previous 
successful 
experience
s in specific 
site 
conditions) 
100 
(Marginal 
or no 
uncertainty 
with 
technology, 
previous 
successful 
experience
s in specific 
site 
conditions) 
45 
(Some 
uncertaint
y remains 
with 
technolog
y (no 
proven 
track 
record in 
specific 
site 
conditions
) 
 
100 
(Marginal 
or no 
uncertainty 
with 
technology, 
previous 
successful 
experience
s in specific 
site 
conditions) 
 
 
ii) Social Dimension 
Table A2-17: GoldSET inputs for Social Dimension 
 Excavation 
to 20 000 
mg 
Excavation 
to 1500 mg 
In situ 
Thermal 
Desorption 
MNA 
Workers Health and Safety 
Evaluates the potential negative 
impacts of the option for the health 
and safety of the Corporation and 
contractor staff (accidents, time off, 
illness, etc.) (possible values 
0,33,66,100) 
 
66 
All activities 
LOW or 
MODERAT
E risk. 
Majority of 
activities 
LOW risk 
66 
All activities 
LOW or 
MODERAT
E risk. 
Majority of 
activities 
LOW risk 
33 (All 
activities 
LOW or 
MODERAT
E risk.) 
100 (All 
activities 
LOW risk) 
 
Community Health and Safety 
Potential adverse impacts on 
human health arising from the 
implementation of the option 
(excluding drinking water). 
(possible values 0,33,66,100) 
66 (Low 
potential 
impact on 
the 
community) 
 
66 (Low 
potential 
impact on 
the 
community) 
 
66 (Low 
potential 
impact on 
the 
community) 
 
100 (No 
anticipated 
impact on 
the 
community 
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Duration of Operations  
Duration of each option as a 
measure of potential disruption to 
the public due to remedial 
activities. 
(years) 
2 2 1 30 
Quality of life during project 
Evaluates the impact of each 
option on the quality of life 
associated with the execution of 
the option (e.g. public exposure to 
noise, dust, traffic, etc.) 
(possible values 0,33,66,100) 
66 (Some 
impacts 
anticipated) 
 
66 (Some 
impacts 
anticipated) 
 
66 (Some 
impacts 
anticipated) 
 
100 (No 
anticipated 
impact) 
 
Direct Local Employment 
Percentage of direct construction 
jobs allocated to local  
communities 
(possible values 0,33,66,100) 
66 (34-66% 
of total 
workforce 
sourced 
locally) 
 
66 (34-66% 
of total 
workforce 
sourced 
locally) 
 
66 (34-66% 
of total 
workforce 
sourced 
locally) 
 
66 (34-66% 
of total 
workforce 
sourced 
locally) 
 
Opportunities for local business 
growth 
Portion of local businesses that are 
contracted for suppliers to the 
option in relation to total business. 
(possible values 0,45,90, 100) 
45 (25% to 
50% of 
material 
supply will 
be provided 
by local 
businesses) 
 
45 (25% to 
50% of 
material 
supply will 
be provided 
by local 
businesses) 
 
45 (25% to 
50% of 
material 
supply will 
be provided 
by local 
businesses) 
 
45 (25% to 
50% of 
material 
supply will 
be provided 
by local 
businesses)
. 
 
Public Use 
Assesses the resulting impacts of 
the option on the social attributes 
of the site and its surroundings for 
the public. 
(possible values 0,33,66,100) 
33 (Major 
restrictions 
for use) 
 
66 (Minor 
restrictions 
for use) 
 
66 (Minor 
restrictions 
for use) 
 
0 (No 
possible 
benefits 
from the 
property) 
 
 
iii) Environmental Dimension 
Table A2-18: GoldSET inputs for Environmental Dimension 
 Excavation to 
20 000 mg 
Excavation to 
1500 mg 
In situ Thermal 
Desorption 
MNA 
Soil Quality 
Assesses the 
efficacy of the 
option in treating 
impacted soils and 
reducing the 
45  (Between 
33% and 66% 
of soil volumes 
are anticipated 
to be 
rehabilitated 
under 
90 
Between 66% 
and 100% of 
soil volumes 
are anticipated 
to be 
rehabilitated 
90 
Between 66% 
and 100% of 
soil volumes 
are anticipated 
to be 
rehabilitated 
0  
(Less than 33% 
of soil volumes 
are anticipated 
to be 
rehabilitated 
under 
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volume of 
contaminated soils. 
(possible values 
0,45,90, 100) 
applicable 
criteria) 
 
under 
applicable 
criteria 
under 
applicable 
criteria 
applicable 
criteria) 
 
Groundwater 
Evaluates the 
efficacy of the 
option in treating 
groundwater. 
(possible values 
0,33,66,100) 
66  (Significant 
effect on 
groundwater 
concentrations 
expected) 
 
66  (Significant 
effect on 
groundwater 
concentrations 
expected0 
 
66  
(Significant 
effect on 
groundwater 
concentrations 
expected) 
 
33   
(Minimal effect 
on 
Groundwater 
concentrations 
expected) 
 
Free Product 
Assesses the 
efficiency of the 
option in the 
recovery/treatment 
of the mobile 
fraction of free 
product (LNAPL or 
DNAPL). 
(possible values 
0,33,66,100) 
66  
(Moderate 
recovery/treatm
ent expected) 
 
100 
(High 
recovery/treatm
ent expected) 
 
100 
(High 
recovery/treatm
ent expected0 
 
0 
(No 
recovery/treatm
ent expected) 
 
Water Usage 
(Groundwater 
drainage) (m3) 
68400  92880  28317  0 
Quantity of Wastes 
(m3) 22299 30250 0 
0 
Energy 
consumption  (GJ) 140214 214856.8 7312780 3.07 
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Appendix 3: Chapter 3 Supporting Information 
1. Introduction 
This document is intended as an overview of the inputs that were used to perform the 
lifecycle assessments of the two remediation scenario alternatives for the SRI Biochim case 
study site. The inputs are captured in tables according to the different processes required by 
each alternative. The last section (Section 4) includes inventory contribution diagrams of the 
two alternatives referred to in Section 3.2.1 of the main article text. 
 
2. Case Study Additional Details 
The solvents leaked into the subsurface have formed a large, poorly water soluble, LNAPL 
smear zone. The LNAPL accumulated on the groundwater table at approximately 1.5 m 
below the surface. The LNAPL spans an area of approximately 11500 m2 and ranges from 1 
to 2 cm thick in some parts of the site through to a maximum 2 meters thick. The estimated 
contaminant load is 500 metric tons. The major part of the contamination (80.55 %) is 
adsorbed to the soil particles, 19.35 % is free pure product and the remaining mass of the 
contamination exists in the soil vapor phase (0.003%) and is dissolved in the groundwater 
(0.097%).The subsurface geology consists of a low-permeability loam layer, 3.7 m thick 
above a highly permeable sand aquifer. The soil and groundwater remediation targets 
require that 80% of the contaminant mass be removed from the loam layer. Use of the larger 
2 hectare the site is restricted until the remediation target is reached. 
The subsurface conditions allow for two remediation possibilities: either an in-situ technology 
that can mobilize or extract the bulk of the contaminant mass or hydraulic excavation and off-
site treatment of the soil. Both remediation alternatives were piloted on the site. The life-cycle 
assessments for both alternatives are based on their full scale application to the site. 
3. Remediation Process Inputs 
The tables included below present an overview of the inputs included in both alternatives. 
Excavation and Ex-situ Thermal Treatment 
a) Assembly 
The equipment used to excavate the soil on-site, extract and treat the groundwater and to 
purify the air in the excavation shed, is referred to as the assembly. The assembly 
components consist of all the material processes required in producing the equipment. 
Table A3-1: Excavation and Ex-situ Thermal Treatment Assembly 
 Process Assembly Component number of 
units in 
system 
Dimensions Weight 
per 
unit 
(tons) 
Materials 
Air and 
Water 
treatment 
Centrifugal pump 1 0.42 m x 
0.38 m x 
0.4 m 
0.024 Cast Iron 
Blower 1 0.574 m x 
0.4 m x 
0.55m 
0.03 Stainless 
Steel 
Fog Cannon 1 0.95 m x 
0.8 m x 110 
0.1075 Stainless 
Steel 
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m 
Granular Activated 
Carbon (GAC) vessel 
for gas-phase treatment 
2 2.5 m x 
1.25 x 1.67 
m 
0.816 Cast Iron 
Granular Activated 
Carbon vessel (GAC) 
for liquid-phase 
treatment 
2  2.2 m 
(⌀:1.25 m) 
0.558 Cast Iron 
Breathing 
Apparatus 
50 L pressurized air 
container 
2 1.14 m 
(⌀:0.24 m ) 
0.041 Aluminum 
6 L SCBA 20 0.48 m 
(⌀:0.16 m ) 
0.0044 Aluminum 
Air compressor 1 1 m x 0.88 
m X 1.96 m 
0.213 Cast Iron 
Shed Shed 1 20 m x 20 
m x 10 m 
20.000 Galvanized 
Corrugated 
Iron 
Soil 
excavation 
equipment 
Hydraulic Excavators 2 3.74m 2.59 
m x 2.7 m 
14.000 Steel 
(various) 
Hydraulic Jackhammers 2 0.93m x 0.4 
m x 0.25 m 
0.025 Steel 
(various) 
Piping on-
site 
piping 100 m ⌀:110 mm 0.254 PVC 
Granular 
Activated 
Carbon 
Virgin activated carbon  25 
tons 
b) Service life and replaced components 
The disposal scenario accounts for the consumed service life of the components in the 
assembly. The consumed service life is represented as a percentage of the component 
inputs. The consumed service life is recycled as waste metals and plastics. The unconsumed 
service life is accounted for as reuse. Due to the short duration of the excavation work, most 
of the components will not need to be replaced and will be suitable for reuse. The shed 
construction will be dismantled and treated as scrap metal even though its service life will not 
be reached. The granular activated carbon (GAC) in the GAC vessels will be recycled with a 
10% loss per cycle. Reactivated GAC will be used from the beginning of the project requiring 
that 10% of it be replaced by virgin GAC. The virgin activated carbon is included in the 
Assembly and the reactivated carbon is accounted for below. 
Table A3-2: Excavation and Ex-situ Thermal Treatment service life and replaced 
components. 
 Process Assembly Component Service 
life 
Times 
replaced 
Total 
units 
Percentage 
of service life 
consumed  
Air and 
Water 
treatment 
Centrifugal pump 5 years 0 1 10% 
Blower 5 years 0 1 10% 
Fog Cannon 5 years 0 1 10% 
Granular Activated Carbon (GAC) 10 0 1 5% 
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vessel for gas-phase treatment years 
Granular Activated Carbon vessel 
(GAC) for liquid-phase treatment 
10 
years 
0 1 5% 
Breathing 
Apparatus 
50 L pressurized air container 15 
years 
0 2 3.33% 
6 L SCBA 15 
years 
0 20 3.33% 
Air compressor 5 years 0 1 10% 
Shed Shed 30 
years 
0 1 1.66% 
Soil 
excavation 
equipment 
Hydraulic Excavators 10 
years 
0 2 5% 
Hydraulic Jackhammers 5 years 0 2 10% 
Piping on-
site 
piping 100 
years 
0 100m 0.50% 
 
Process Weight 
(tons) 
Reactivated Granular 
Activated Carbon 
250 
 
c) Transport of Assembly 
The assembly transported to the site from various manufacturers in Belgium and the 
Netherlands is captured in the Ecoinvent transport processes in terms of ton kilometers 
(tkm). 
Table A3-3: Excavation and Ex-situ Thermal Treatment transport of assembly. 
Process  Assembly Component Total 
weight 
(tons) 
Off-site 
location 
Distance  
(km) 
Ton 
kilometers 
(tkm) 
Transport of 
Assembly 
Centrifugal pump 0.024 Aalst, BE 38 0.912 
Blower 0.030 Aalst, BE 38 1.140 
Fog Cannon 0.1075 Aalst, BE 38 4.085 
GAC vessels gas-phase 1.632 Groot 
Ammers, 
NL 
143 233.376 
GAC vessels liquid-phase 1.116 Groot 
Ammers, 
NL 
143 159.588 
50 L pressurized air container 0.082 Antwerp, 
BE 
53 4.346 
6 L SCBA 0.088 Antwerp, 
BE 
53 4.664 
Air compressor 0.213 Antwerp BE 53 11.289 
Shed 20.000 Antwerp BE 53 1060.000 
Hydraulic Excavators 28 Antwerp, 
BE 
53 1484.000 
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Hydraulic Jackhammers 0.125 Antwerp, 
BE 
53 6.625 
Piping 0.254 Aalst, BE 38 9.652 
Delivery of all GAC to site  0.250 Antwerp, 
BE 
53 13250.000 
Disposal of 
components 
and GAC 
Shed to Scrap metal recycling 20.000 Aalst, BE 38 760.000 
Removal of used GAC 
(including wet GAC) 
290.00
0 
Wetteren, 
BE 
53 15370.000 
 
d) Transport of Rubble, Soil and Backfill 
All of the contaminated soil will be transported by truck to Moerdijk in the Netherlands to be 
thermally treated. The concrete layer over the site will be transport to local soil treatment and 
disposal facility in Antwerp. The backfill will also be transported from a local depot. 
Table A3-4: Excavation and Ex-situ Thermal Treatment Transport of Rubble, Soil and 
Backfill. 
 Process Material Total 
weight 
(tons) 
Off-site 
location 
Distance 
(km) 
Ton 
kilometers 
(tkm) 
Transport of soil and 
backfill 
Backfill (from soil 
treatment facility 
Antwerp) 
76590 Antwerp, 
BE 
53 4059270 
Concrete rubble 
(to soil treatment 
facility Antwerp) 
8280 Antwerp, 
BE 
53 438840 
Contaminated soil 
(included 
contaminant mass 
minus load in 
GAC) 
77080 Moerdijk, 
NL 
110 8478800 
 
e) Transport of Personnel 
Twenty on-site workers will travel to and from the site six days a week for six months.  
Table A3-5: Excavation and Ex-situ Thermal Treatment Transport of personnel. 
 Process Off-site 
location 
Distance 
(km) 
 Return 
journeys 
Person 
kilometers 
pkm 
20 people on-site 
daily 
Leuven, 
BE 
20 130 104000 
 
f) Energy usage 
Energy will be required both on-site and off-site. Operating the on-site soil vapor and 
groundwater treatment system will require energy from the Belgium energy grid. The 
hydraulic excavators on-site require diesel and the main energy input in the off-site thermal 
treatment facility is light fuel oil.  The energy required by the on-site operations are captured 
in Ecoinvent processes which also accounts for the emissions created and resources 
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consumed in delivering the energy required. The light fuel oil required by the soil treatment 
facility is captured in the IWAN data base process. 
Table A3-6: Excavation and Ex-situ Thermal Treatment energy use. 
Process  Assembly component Number 
of units 
Power 
usage 
in kW 
per unit 
Duration 
(hours) 
Total 
kWh 
Electricity for air 
and groundwater 
treatment system 
Centrifugal pump 1 1 3456 3456 
Blower 1 1.5 1440 2160 
Fog Cannon 1 1.5 1440 2160 
  Number 
of units 
per day 
Power 
usage 
in kW 
per unit 
Duration 
(days) 
Total 
Kwh 
Air compression 
for breathing 
apparatus 
50 L pressurized air container 2 0.33 144 95 
6 L SCBA 20 0.04 144 115.2 
  Volume 
(m3) 
Liters 
diesel 
per 
volume 
(m3) 
Energy for soil 
excavation work 
  
Concrete Demolition 3450 345 
Loading concrete rubble 3450 345 
Unloading of soil and  3450 345 
Excavation of soil 42550 4738 
Unloading contaminated soil 42550 4255 
Loading backfill 42550 4255 
Unloading backfill 42550 4255 
  Weight soil treated (tons) Liters 
light 
fuel oil 
per ton 
Total 
light 
fuel 
volume 
(m3) 
Thermal soil 
treatment 
77080 45 3469 
 
g) Other Emissions 
The thermal treatment of soil produces large quantities of CO2 due to the contaminant mass 
composition and the native carbon fraction in the soil. The burning of light fuel oil from in the 
thermal treatment process also results in CO2 emissions not captured in the table above. 
Additional emissions from the thermal treatment processes were based on the Dutch 
Management Council (AOO), Environmental Burden of Processing inventory process for 
disposing of mixed oil sludge (2002). 
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Table A3-7: Excavation and Ex-situ Thermal Treatment other emissions. 
Emission  Process Quantity CO2 per 
ton soil treated (kg) 
Total 
CO2 
(tons) 
Carbon 
dioxide 
Contaminant mass destruction 2.600 200.400 
Native carbon fraction in incinerated 
soil 
42.572 3281.450 
Conversion of light fuel oil 120.000 9249.600 
 
In-situ Multiphase Extraction 
 
The MPE system designed for the remediation of SRI is depicted in Figure A3-1 below.  
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Figure A2-1: Schematic of In-situ Multiphase Extraction system designed for SRI 
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a) Assembly 
The Multiphase Extraction system consists of wells at different depths above and below the 
groundwater table that are connected to rotary vane pumps. The gas and liquid-phases that 
are extracted are separated by knockout tanks and then treated before being released into 
the environment. The assembly therefore consists of both a gas and liquid purification 
system. The table below is an overview of material process used to construct assembly. 
Table A3-8: In-situ Multiphase Extraction Assembly 
Process  Assembly Component number 
of units 
in 
system 
Dimensions weight 
per unit 
(tons) 
Materials 
Wells 3m Extraction wells 200 2.5 m (⌀:205 
mm)  
0.01975 HDPE A 
5m Extraction wells 120 4.5 m (⌀:205 
mm)  
0.035055 HDPE A 
Well screens 320 0.5 m (⌀:63 
mm) 
0.000525 HDPE A 
Well caps 320 0.5 m (⌀:63 
mm) 
0.00332 Bentonite 
Piping on-
site 
piping 15000 
m 
⌀:110 mm 38.1 PVC 
Pumps Pump and knockout tank unit 
Type A (2 rotary vane pumps 
per unit) 
1 1.25 m x 0.8 
m x 1.6 m 
0.41 Cast Iron 
Pump and knockout tank unit 
Type B  (2 rotary vane pumps 
per unit) 
1 1.25 m x 0.8 
m x 1.6 m 
0.5 Cast Iron 
Vapor 
Treatment 
Catalytic Oxidation Unit 
(CATOX) 
5 4.0 m X 2.5 
m X 2.6 m 
4 Stainless 
Steel 
Gas Washer 5 6.5 m (⌀:0.5 
m) 
2.3 Stainless 
Steel 
Quencher 5 3.0 m X 
2.5m X 
2.6m  
0.5 Stainless 
Steel 
Blower 5 0.448 X 
0.385 X 
0.19 m 
0.039 Cast Iron 
Droplet Separator 1 1.55 m x 
1.05 x 1.15 
m 
0.1687 Stainless 
Steel 
Pump on droplet separator 1 0.45 m X 
0.230 m X 
0.475 m 
0.0185 Cast Iron 
Water 
Treatment 
Oil and water separator 
(including coalesces) 
2 2.5 m X 
1.35 m X 
1.61 Galvanized 
Steel 
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1.67 m  
Double walled storage tank 1 2.35 m X 
0.75 m X 
1.6 m 
0.45 Steel 
Fe360 I 
Granular Activated Carbon 
(GAC) vessel for gas-phase 
treatment 
2 2.5 m x 1.25 
x 1.67 m 
0.816 Cast Iron 
Granular Activated Carbon 
vessel (GAC) for liquid-phase 
treatment 
2  2.2 m 
(⌀:1.25 m) 
0.558 Cast Iron 
Stripping tower (including 
packing material) 
1 7.5 m 
(⌀:1.25 m) 
2.074 HPDE 
 Granular 
Activated 
Carbon 
Virgin activated carbon 116 tons 
 
b) Service life and replaced components 
The disposal scenario accounts for the consumed service life of the components in the 
assembly. Due to the long duration of the alternative, some of the components will need to 
be replaced. The replaced components will be recycled. The components that have not yet 
reached their service life will be reused. The GAC in the GAC vessels will be recycled with a 
10% loss per cycle. Reactivated GAC will be used from the beginning of the project requiring 
that 10% of it be replaced by virgin GAC. The virgin activated carbon is included in the 
Assembly and the reactivated carbon is accounted for below. The catalyst use in the catalytic 
oxidator (CATOX) and the neutralizing agent used after the CATOX are also included below.  
Table A3-9: In-situ Multiphase Extraction service life and replaced components 
Process  Assembly 
Component 
Service 
life 
Times 
replaced 
Service life of 
remaining 
components 
(years) 
Percentage 
service life 
of 
remaining 
components 
Wells 3m Extraction wells 100 0 99.5 99.50% 
5m Extraction wells 100 0 99.5 99.50% 
Well screens 100 0 99.5 99.50% 
Well caps 100 0 99.5 99.50% 
Piping on-site piping 100 0 99.5 99.50% 
Pumps Pump and knockout 
tank unit Type A (2 
rotary vane pumps 
per unit) 
5 2 0 0.00% 
Pump and knockout 
tank unit Type B  (2 
rotary vane pumps 
per unit) 
5 2 0 0.00% 
Vapor Treatment Catalytic Oxidation 
Unit (CATOX) 
10 0 5 33.33% 
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Gas Washer 10 0 5 33.33% 
Quencher 10 0 5 33.33% 
Blower 10 0 5 33.33% 
Droplet Separator 15 0 0 0.00% 
Pump on droplet 
separator 
15 0 0 0.00% 
Water Treatment Oil and water 
separator (including 
coalesces) 
30 0 15 50.00% 
Double walled 
storage tank 
10 1 5 33.33% 
Granular Activated 
Carbon (GAC) 
vessel for gas-phase 
treatment 
10 1 5 33.33% 
Granular Activated 
Carbon vessel 
(GAC) for liquid-
phase treatment 
10 1 5 33.33% 
Stripping tower 
(including packing 
material) 
10 1 5 33.33% 
 
Process  Material 
Weight 
(tons) 
Granular Activated Carbon 
(GAC) Reactivated carbon 1042.0000 
CATOX catalyst  
Aluminum Oxide and 1 < % 
Palladium Oxide 0.8100 
Neutralizing agent 
Sodium Hydroxide used as 20% 
solution 1 .8786 
 
c) Transport of Assembly 
The assembly transported to the site from various manufacturers across Europe is captured 
in the Ecoinvent transport processes in terms of ton kilometers (tkm). 
Table A3-10: In-situ Multiphase Extraction transport of assembly 
Process  Assembly Component Total 
weight 
(tons) 
Off-site 
location 
Distance 
(km) 
Ton 
kilometer
s (tkm) 
Transport of 
Assembly 
Well lining, screens and 
caps 
9.3870 Aalst, BE 38 356.706 
Piping 38.1000 Aalst, BE 38 1447.8 
Pumps systems 2.7300 Groot 
Ammers, NL 
143 390.39 
CATOX 20.0000 Reutlingen, DE 585 11700 
Gas Washer 11.5000 Reutlingen, DE 585 6727.5 
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Quencher 2.5000 Reutlingen, DE 585 1462.5 
Blower 0.1950 Reutlingen, DE 585 98.6895 
Droplet Separator 0.1687 Kista, SE 1573 265.3651 
Pump on droplet separator 0.0185 Aalst, BE 38 0.703 
Oil and water separators 3.2200 Groot 
Ammers, NL 
143 460.46 
Double walled storage tank 0.9000 Wetteren, BE 53 47.7 
GAC vessels gas-phase 3.2650 Groot 
Ammers, NL 
143 466.895 
GAC vessels liquid-phase 2.2320 Groot 
Ammers, NL 
143 319.176 
Stripping tower 4.1480 Groot 
Ammers, NL 
143 593.164 
Delivery of all GAC to site 1042.200
0 
Wetteren, BE 53 55236.6 
CATOX Catalyst 0.8100 Bruckmühl, DE 829 671.49 
NaOH Neutralizing agent 1.8786 Aalst, BE 38 71.3868 
Disposal of 
used 
components 
and GAC 
Scrap metal and plastic 
recycling 
98.3642 Aalst, BE 38 3737.839
6 
Removal of used GAC 
(including wet GAC) 
1121.200
0 
Wetteren, BE 53 59540.2 
Transport of 
Geoprobe 
Geoprobe 7800 3.6320  Aalst, BE 38( X2) 276.032 
d) Transport of NAPL Sludge 
The double walled storage tank in which the removed free phase product is stored will be 
emptied on a regular basis. An Ecoinvent transport process is used for this transport 
process. 
Table A3-11: In-situ Multiphase Extraction transport of NAPL sludge. 
Transport 
during use-
phase 
  Total 
weight 
(tons) 
Weight 
per 
journey 
 
Journeys 
Off-site 
location 
Distance 
(km)  
tk
m 
Transport 
of NAPL 
sludge in 
double 
walled 
storage 
tank 
Sludge (+ tank 
for each 
journey) 
37 (+ 
0.450 
/per 
journey
) 
2 tons + 
0.45 
18 Mechelen, 
BE 
12.8 56
4 
Empty tank 0.45 0.45 18 Mechelen, 
BE 
12.8 10
4 
 
e) Transport of Personnel 
Two workers will travel to and from the site daily for the first three years while the CATOX is 
operational. For the remaining 12 years, one worker will travel to the site on week days. 
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Table A3-12: In-situ Multiphase Extraction transport of personnel 
Process Off-site 
location 
Distance 
(km)  
Person 
kilometers 
pkm 
On-site 
supervisors 
Leuven, 
BE 
20 216000 
 
f) Energy usage 
Energy will be required for the well installation and during the operation of the Multiphase 
extraction system. The well installation will be performed by a direct push injection system 
using diesel fuel. The MPE system will be operated using electricity from the Belgium grid. 
Table A3-13: In-situ Multiphase Extraction energy usage. 
Process  Component wells depth Diesel 
Fuel 
per 
well 
Total Fuel type 
Well 
installation 
with 
Geoprobe 
3m Extraction 
wells 
200 3m 0.6 
liter 
120 
liters 
Diesel, at refinery/l/US 
5m Extraction 
wells 
120 5m 1 liter 120 
liters 
Diesel, at refinery/l/US 
 
Process  Component Numbe
r of 
units 
Power 
usage 
in kW 
per 
unit 
Duration 
(hours) 
Total 
kWh 
Electricity 
for MPE 
system 
Pumps during first  3 years (Type A 
and B together) 
1 2.0 26280 
52560 
Pumps during remaining 12 years 
(Type A and B together) 
1 4.0 105120 
420480 
Catox during first 3 years 5 18.0 26280 236520
0 
Droplet separator pump 1 1.1 131400 144540 
Stripping tower 1 2.2 26280 57816 
Gas washer during first 3 years 5 1.1 26280 144540 
Blower during first 3 years 5 3.1 26280 407340 
g) Other Emissions 
All of the contaminant mass with be destroyed either in the catalytic oxidation, during the 
recycling of the granular activated carbon or during thermal disposal of the NAPL sludge 
resulting in CO2 emissions. 
Table A3-14: In-situ Multiphase Extraction other emissions. 
Emissions  Process Quantity 
(tons) 
Carbon dioxide Contaminant mass destruction 198,7 
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4. Additional Inventory Analysis Diagrams 
Figures A3-2 and A3-3 are contribution networks of the remediation scenarios, showing the 
relative contribution of the different processes in the life-cycle inventories, to the overall 
environmental impacts of each alternative. The processes that contribute less than 5% are 
not represented; .i.e. there is a 5% cut-off threshold. 
 
Figure A3-2: Contribution Network of Excavation and Ex-situ Thermal Treatment. The 
diagram shows the life-cycle inventory contribution network of the Excavation and Ex-situ 
Thermal Treatment of Soil alternative. Nine nodes of 2799 are displayed. 
 
. 
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Figure A3-3: Contribution Network of In-situ Multiphase Extraction. The diagram shows the 
life-cycle inventory contribution network of the In-situ Multiphase Extraction alternative. 
Twenty nodes of 2237 are displayed. 
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Appendix 4: Chapter 4 Supporting Information 
 
1. Introduction 
This appendix is intended as an overview of the data and calculation steps used to generate 
the social amenity proximity analysis results for the Alvat Buggenhout site in Chapter 4. 
Below are additional details regarding the context of the site, followed by a list of sources for 
the geographic data layers used in the calculations. How the layers were combined and the 
output data for each amenity is include as well as brief description of how each of the figures 
in Chapter 4 were generated.  
2. Case Study Additional Details 
The case study site in the Buggenhout municipality in Belgium, is a former industrial site that 
was used for chemical container reconditioning services. Petrochemicals and solvents from 
tanks and containers were spilled on-site resulting in the subsurface being contaminated with 
BTEX, VOCs, mineral oil, heavy metals, PCB and PAHs. An industrial landfill was also found 
on-site with leaking chemical containers, plastic waste, wood, concrete and paint residues. 
The landfill area is contaminated with heavy metals, VOCs, phenols and cresols, phthalates, 
halogenated hydrocarbons, mineral oil and Methyl isobutyl keton. The owner of the site went 
bankrupt in 1995 and is therefore unable to pay for the remediation of the site.  The site has 
therefore been abandoned and used since 1995. OVAM has performed extensive soil 
investigation on the site and partially remediated some part of the site. The full cost of 
remediating the site limits the incentive of private redevelopers to invest in cleaning up before 
redevelopment. At present the site is a zoned as industrial and the future land-use and 
zoning allocation of the site is still not defined.  
3. Social Amenity Proximity Analysis 
 
a) Data Sources 
Three different kinds of geographical data were used in as input in the calculations: raster 
layers, shape files (.shp), and location co-ordinates.  All of the data need to be converted in 
to raster files to perform the calculations. The table below is a list of the different data 
collected and their original format and source: 
Table A4-1: Chapter 4 GIS Data Sources 
Data Purpose Format Reference Date 
Alvat Site 
perimeter 
Location and 
spatial extent of 
the site 
Shape (.shp) Created in 
ArcGIS 
2016 
1 km buffer 
around site 
Used to define 
residents 
considered 
Raster (.asc) Created in 
ArcGIS 
2016 
5 km buffer 
around site 
Used as 
analysis mask  
Raster (.asc) Created in 
ArcGIS 
2016 
Street network 
of Flanders 
Used to 
calculated travel 
distance along 
road network 
Shape (.shp) NAVSTREETS 
(native) Vector, 
2007.3 
(NAVTEQ). 
2007 
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between 
locations 
Dataset 
Households for 
Flanders 
Provides 
location and 
number of 
residents per 
location 
Shape file (.shp) Engelen et al., 
2011 
2011 
Doctors in 
Flanders 
Location of all 
Doctors posts in 
Flanders 
Shape file (.shp) Dewulf et al., 
2013 
2013 
Schools in 
Flanders 
Location of all 
Schools in 
Flanders 
Shape file (.shp) Verachtert et 
al., 2016 
2016 
Pharmacies in 
Flanders 
Location of all 
Pharmacies in 
Flanders 
NACE 
(Statistical 
Classification of 
Economic 
Activities in the 
European 
Community) 
Classification 
Co-ordinates 
Verachtert et 
al., 2016 
2016 
Shops in 
Flanders 
Location of all 
Shops in 
Flanders 
NACE 
(Statistical 
Classification of 
Economic 
Activities in the 
European 
Community) 
Classification 
Co-ordinates 
Verachtert et 
al., 2016 
2016 
Land-use 
Flanders 
Includes 
different land-
use for all of 
Flanders. The 
green space, 
meeting space, 
Employment 
areas and water 
bodies were 
extracted from 
the land-use 
map 
Raster (.asc) Van Esch et al., 
2011 
2011 
 
 
b) Software and Platforms used in the Calculation Procedure 
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The calculation procedure required the use of the various GIS platform toolboxes and 
scripting languages in the table below: 
Table A4-2: Chapter 4 GIS platform toolboxes and scripting languages 
Platform Purpose Version Date 
GDAL (Geospatial 
Data Abstraction 
Library) 
To convert large 
.shp files into 
raster layers 
v2.1.1 2016 
VITO Ruimtemodel 
Scripting Language 
To multiplying map 
layers 
v160105 2016 
Python Scripting 
Language- Histogram 
Script 
To convert raster 
data layers into 
meter bins 
Python v3.5.2, 
Python XY v2.7.10 
2016 
ArcGIS Create buffers and 
to generate map 
visualizations 
ArcMap 10.3.1 2015 
 
c) Calculation Procedure 
The calculation procedure for the ROI of the site and the region of Flanders requires some 
initial preparatory steps. The preparatory steps will be explained for each of ROI calculation 
and the regional calculation followed by the calculation steps. 
 
(i) Raster layers preparation 
The buffers around the site were generated using the site shape file in ArcGIS. Two buffers 
were generated – a 1km buffer file and 5 km buffer file. The 1km buffer would be used for the 
calculation step of the ROI results and the 5km buffer would be used as an analysis mask, 
defining the area that will be cut out of the regional maps. Both buffer files were rasterized in 
ArcGIS. The rasterized analysis mask (5 km buffer) provides the processing extents of the 
area within the regional maps.  
 
GDAL was used to cut-out and rasterize local maps from the regional shape files. GDAL was 
run using a Microsoft Windows batch file. The processing rasterized analysis mask ( 5 km 
buffer) was used to define the processing extent so that smaller local rasterized maps (maps 
at a 10mX10m grid size) of the local street network, Households, Doctors and Schools 
around the site could be cut-out from the regional.  
 
Pharmacies and Shops were provided as co-ordinates in a .csv file. The co-ordinates in the 
range of the analysis mask needed to be extracted from .csv file using Microsoft Access 
2010, and converted into a .shp file in ArcGIS before being rasterized. The local shape files 
for Pharmacies and Shops could be rasterized in ArcGIS.  
 
Meeting places, Green Space and Employment were already in 10x10m raster format in the 
Flemish regional land-use map. The Flemish regional land-use map includes 117 land-use 
classes. The Ruimtemodel scripting language was used to extract the three separate raster 
layers for Meeting places, Green Space and Employment according to the appropriate land-
use class codes, using the reclass function.  
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For each of the amenities a second local rasterized map was generated, which included the 
site as the respective amenity, using the Ruimtemodel scripting language.  
The local Households raster file was multiplied (Hadamard multiplication) by the 1km buffer 
raster layer to generate a new layer that only represents number of residents per household 
within the buffer and nothing outside the buffer. This layer is referred to as the ROI layer. 
Finally the Ruimtemodel scripting language was used to sum the total number of residents 
within the 1 km buffer (1506 residents). 
 
For the Flemish regional calculations, all the shape files were simply rasterized using the 
Ruimtemodel scripting language on the VITO cluster. The land-use map was reclassed into 
three separate raster layers Meeting places, Green Space and Employment using the 
Ruimtemodel scripting language on the VITO cluster.  
 
(ii) Calculation Steps 
Each calculation for ROI was performed twice for each amenity, first using the maps that do 
not include the site as the respective amenity and secondly with the site included as the 
respective amenity.  
 
The road network distance to each household needed to be calculated for each amenity. The 
Ruimtemodel scripting language was used to calculate the travel time from each grid cell 
within the ROI layer to the nearest amenity using a friction grid, for each amenity. The 
Ruimtemodel calculates the travel time to each amenity within the analysis mask (5 km buffer 
zone) and selects the shortest travel time as the grid cell value. The friction grid consists of 
road network and non-road network travel time values. The Ruimtemodel follows the path of 
least resistance to the nearest target destination and the user assigns speed of travel to both 
road and non-road grid cells. A new layer for each amenity was generated representing the 
travel time in seconds per cell. The travel time can then be converted into distance in 
(meters) or left as travel time depending on the desired output format. Distance was used 
here and a distance layer was generated representing the distance along the road network 
for each cell within the ROI, to the nearest amenity (either within or outside the ROI). The 
distance layer was then multiplied (Hadamard multiplication) by the number of residents per 
cell to determine the number of residents per the range of different distances. The output 
could either be summed together and then divided by the number of resident (1506) to 
determine the weighted arithmetic mean or converted into meter distance bins. The 
conversion to bins required the use of a Python script and the output could be converted into 
a histogram and cumulative distribution curve in Microsoft Excel 2010. 
 
The same process was applied for the Flemish regional calculations on the VITO cluster, 
except without using the buffer layers. The Python histogram script was run on the VITO 
cluster to classify the number of residents per meter distance in order to generate the 
cumulative distribution curve in Microsoft Excel 2010. 
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Appendix 5: Chapter 5 Supporting Information 
1. Introduction 
This appendix is intended as an overview of the data and calculation steps used to generate 
the ecosystem service valuation results for the nature-based solution of the Petroleum Zuid/ 
Blue Gate Antwerp site in Chapter 5. The ecosystem services considered are run-off capture 
(or avoided run-off), air filtration, local climate regulation, carbon sequestration and 
recreation. It is important to note that each ecosystem services result was calculated using a 
different procedure. Most of the calculation procedures were adopted from the 
Natuurwaardeverkenner (NWV) ecosystem service valuation tool (Broekx et al., 2013) which 
was developed using scientific literature and expert opinion. The additional calculations 
which were not based on methods described in the NWV and instead were based on the 
work of Mentens et al. (2006), Claus and Rousseau (2012) and Wang et al., (2014). Each of 
the economic values in Table 5-3 of the manuscript is explained in the following sections, 
starting with where the input information was obtained. 
2. Input Data  
All the input information for the calculation procedures came from documents and models 
used specifically for the Blue Gate Antwerp redevelopment project. Below is a list of the 
documents that were used and a short description of the information taken from each: 
 
a. HUB Architects (2014). Beeldkwaliteitsplan Blue Gate Antwerp FASE 2 - 
referentieplan beeldkwaliteit. 24 November 2014. Antwerp 
 
The document provides a detailed description of the different vegetated surfaces that will be 
included on-site including the different plant and tree species. The materials used for paving 
and hard surface are also described. The document is accompanied by AutoCAD map of the 
site showing the different zones and surface types. The document was used to understand 
what is represented in the AutoCAD map mentioned below. 
 
b. HUB Architects (2014). Blue Gate Antwerp AutoCAD site map 
(Beeldkwaliteitsplan FASE 1). 21 January 2013. Antwerp 
 
The AutoCAD map was used to measure the different vegetative surface areas and water 
bodies. The area values were used as inputs for the calculation procedures (See Table A5-
1). The mapped location of the green corridor could also be used to calculate the change in 
distance for local residents to a green recreational area, when the green corridor is included 
on-site. 
 
c. Arcadis (2012) Blue Gate Antwerp: ontwikkeling van een 
watergebondenbedrijventerrein met logistieke cluster ter hoogte van 
Petroleum Zuid. Project MER: kennisgeving .Projectnummer BE0111001654 
 
The document is an environmental impact assessment report of the eventual redevelopment 
scenarios that were planned for the Blue gate site. The document provides a general 
overview of the elevation of the redeveloped site. 
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d. Arcadis (2012) Hydrologische studie Blue Gate Antwerp, versie C Finaal. 
Projectnummer BE0111001654.140 11 November 2012 
 
The hydrological study was based on a model for the site and provides general details on 
recharge capacities of the different surfaces in the eventual redevelopment scenarios. This 
together with the details from the environmental impact assessment document mentioned 
above was used as bases for the run-off capture calculations 
 
e. Blue Gate Antwerp nv (2011) Strategische Masterplan Blue Gate Antwerpen 
 
The Master Plan provides details about the number of workers that will be employed in the 
different office complexes and industry zones that will be included on-site. The numbers of 
employees was used as an input for the noise reduction calculation procedure. 
 
3. Surface types 
The AutoCAD map of the site consists of various landscape features and zones which were 
measured in terms of their area. The areas of different vegetative surface types and water 
bodies were used as the primary input for all of the indicators apart from avoided run-off and 
recreation.  A less detailed approach was used for avoided run-off, which was rather based 
on the hydrological study from Arcadis. The hydrological study describes the recharge 
capacities of the green corridor and wadis generally without accounting for the types of 
vegetation in those zones. The green corridor and wadi zone were designed and scaled 
according to the expected annual rainfall and the potential for a rainfall event (of T100). The 
hydrological model that the site design was based on is assumed to be an accurate account 
of the sites recharge capacity. Therefore, for the run-off capture indicator, the various 
recharge capacities described in the hydrological study were used as inputs. The detailed 
surface types and areas are listed in Table A5-1 below. 
Table A5-1: Blue Gate Masterplan CAD files surface types and area in hectares (ha). 
Category Surface type Green Corridor  
surface type Area 
(ha) or tree count 
Wadis 
surface 
type Area 
(ha) or 
tree count 
Green Roofs 
surface type 
Area (ha) or 
tree count 
Green 
Roofs 
Extensive Green Roofs 0.00 0.00 3.76 
Hard 
surfaces 
Sealed surfaces 1.20 5.62  0.00 
Cobble stones on 
permeable surface 
0.22 1.00  0.00 
Water 
bodies and 
saturated 
surfaces 
Artificial water bodies 0.12 0.47  0.00 
Wetland 3.35 0.44  0.00 
Wadis 0.00 4.22  0.00 
Open (dry) Grassland 3.40 3.46  0.00 
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green areas Flower meadow 0.45 0.60  0.00 
Herbaceous groundcover 5.30 0.00  0.00 
Wooded 
green areas 
Deciduous wooded area 
with herbaceous 
undergrowth 
1.85 0.00  0.00 
City trees 
without 
undergrowth 
Grouped Trees first order 1.85 1.68  0.00 
Single trees Single trees first order 54 23  0.00 
Total Areas 15.89 17.49  3.76 
 
Within the wetland there is smaller area (1.85) of dense silver birch and white willow tree 
species. It is assumed that this will include 400 trees per hectare. The wetland surface area 
weighting and scoring methods in the calculations below only account for wetland without 
trees. Therefore an extra input is included of trees but without undergrowth. This should not 
be confused with the 1.85 area of deciduous trees with herbaceous undergrowth that is a 
separate area to the wetland. The single trees are spread out across the different site zones 
and not grouped together. 
4. Calculations 
The calculation description is arranged with each indicator as a subsection and within each 
subsection the specific calculation procedures for the three nature-based solutions are 
described. The assumptions used in each table are described before each table. In most of 
the calculations, the inputs in the first column, surface area, are multiplied by the factors in 
the proceeding columns. The factored areas are then summed and converted into a 
monetary euro value with a single valuation factor. The calculations that do not follow this 
sequence are described in more detail. 
 
a. Avoided run-off calculations 
As stated above, the avoided run-off calculations were based on more general surface area 
inputs than those presented in Table A5-1.  
 
i. Green Corridor 
The green corridor is intended to be an buffer zone between the hard surface to its north and 
south. Figure A5-1 is a map representing the buffer zone in green corridor and the larger 
catchment area around it in grey. 
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Figure A5-1: Green corridor (represented in light green) and adjacent hard surfaces. The 
Green Corridor is a buffer zone capturing run-off from adjacent hard surfaces. 
 
The green area on the map is includes a variety of plant species. Between the southern 
border of the green corridor and the first wadis is a lawn area around the first row of 
buildings. It is assumed that this lawn area allows for an equal amount of recharge to that of 
the green corridor. In the other indicators, the lawn area around the buildings before the first 
wadi is assumed to be a part of the green corridor. 
 
The green corridor will also include a canal of 0.12 ha, which was excluded from the run-off 
calculation.  Therefore the total green corridor plus lawn area is 15.77 ha, as opposed to 
15.89 as represented in Table A5-1 
 
For the calculation it is assumed, based on the Arcadis hydrological model that the hard 
surfaces allow for 50 mm recharge annually whereas the buffer zone and lawn allow for 300 
mm recharge annually.  250 mm from the hard surfaces that is also captured by the green 
corridor.  
Table A5-2: Green corridor Avoided Run-off calculation 
Annual precipitation (mm) 800  
Total catchment area considered (ha)  
(Figure A5-1) 
26.58 
Avoided run-off costs per m3 annually in 
Euros 
0.52 
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  Area 
(m2) 
Rech
arge 
capa
city 
annu
ally 
(mm) 
Rechar
ge 
capacit
y in m3 
by m2 
annuall
y 
Recharge 
capacity annually 
(mm) per Area 
(m2) 
Hard surface area adjacent to Green 
Corridor (not included) 
108099 50 0.05 5404.95 
Run-off from hard surface area adjacent to 
Green corridor 
108099 250 0.25 27024.75 
Lawn south of Green Corridor  52840 300 0.3 15852 
Buffer zone within Green Corridor 104861 300 0.3 31458.3 
Total recharge into Green corridor and lawn (m3) 74335.05 
       
Scenario of entirely hard surfaces         
Total catchment area (Figure A5-1) 265800 50 0.05 13290 
Difference in run-off capture (m3) 61045.05 
Avoided cost  € 31,743.43  
 
ii. Wadis 
Figure A5-2 shows where the wadis will be located in blue and the adjacent hard surfaces in 
grey. The wadi calculation of hard surface area run-off in Table A5-4, accounts for the 
building roof surfaces that are not covered by vegetation. According to the site 
redevelopment plans, only one third of the building roofs will included green roof surface. 
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Figure A5-2: Wadis Zone (represented in light blue) and adjacent hard surfaces. The Wadis 
are buffer zones for the adjacent hard surfaces 
Table A5-3: Wadis Avoided Run-off calculation 
Annual precipitation (mm) 800   
  
  
  
  
  
  
  
  
  
Total catchment area considered (ha) (Figure 
A5-2) 
19.222
1 
Hard surface area adjacent to Wadis 
(excluding Green Roofs of 3.76 ha) 
15.005
7 
Wadis  (ha) 4.2164 
Total catchment area considered (ha) plus 
Green Roofs  is 22.9821 
  
Avoided run-off costs per m3 annually in 
Euros 
0.52 
  
  Area (m2) Rech
arge 
capac
ity 
annua
lly 
(mm) 
Rechar
ge 
capacit
y in m3 
by m2 
annuall
y 
Recharge 
capacity 
annually (mm) 
per Area (m2) 
Hard surface area adjacent to Wadis (not 
included) 
150057 50 0.05 7502.85 
Run-off from hard surface area adjacent 150057 250 0.25 37514.25 
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to Wadis (excluding Green Roofs) 
Wadis 42164 300 0.3 12649.2 
Total Recharge into Wadis (m3) 50163.45 
  
  
Scenario of entirely hard surfaces      
Total catchment area minus Green Roofs 
(Figure A5-2) 
192221 50 0.05 9611.05 
Difference in run-off capture (m3) 40552.4 
Avoided cost € 21,087.25 
 
iii. Green Roofs 
Figure A5-3 shows the building footprints of all the buildings in green. One third of the 
surface represented will be covered by vegetations as green roofs. 
 
Figure A5-3: Buildings (represented in light green) with one third of roof top cover as Green 
Roofs 
 
The calculation in Table A5-5 differs from the green corridor and wadi calculation for avoided 
run-off by assuming 50% recharge of the 800 mm average annual precipitation value for 
Belgium. This value is taken from Mentens et al., (2006) and Claus and Rousseau, (2012). 
This factor is far larger than the factors used in the other two nature-based solutions. None of 
the reference documents provided included specific details on the green roof (in terms of 
substrate type and depth, vegetation type etc.). Therefore it was necessary to make this 
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assumption based on existing literature form the same region using a standard green roof 
configuration.  
Table A5-4: Green Roofs Avoided Run-off calculation 
Annual precipitation (mm) 800   
  
  
  
  
  
  
  
  
  
Total Building Roof Area Surface (Figure 
A5-2) 
11.28 
Total catchment area  considered (ha):  
1/3 of Roof Buildings covered by Green 
Roof  
3.76 
Run-off from remaining building surface 
accounted for in Wadis calculation 
  
Avoided run-off costs per m3 annually in 
Euros 
0.52 
    
  Area (m2) Annu
al 
precip
itation 
(m3) 
Rechar
ge 
capacit
y of 
50% 
Recharge 
capacity 
annually (mm) 
per Area (m2) 
Green Roofs Surface Area 37600 0.8 0.5 15040 
Total Recharge into Green roofs (m3) 15040 
 
Scenario of entirely hard surfaces Recharge 
capacity 
annually 
(mm) 
Rechar
ge 
capacit
y in m3 
by m2 
annuall
y 
  
Green Roofs surface area 37600 0 0 0 
Difference in run-off capture (m3) 15040 
Avoided cost € 7,820.80  
 
 
b. Air filtration 
The air filtration calculations used the surface type and area inputs from Table A5-1 and are 
multiplied by the expected up-take of PM10 per surface type and area annually. All three of 
the nature-based solutions are calculated with the same procedure. 
 
i. Green Corridor 
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Table A5-5: Green Corridor Air Filtration calculation 
Category  Surface type Area (ha) 
or tree 
number 
input 
Averag
e kg 
PM10 
per 
year 
per  ha 
Average 
kg PM10 
per year 
per ha by 
Area 
input 
Conversion in 
euros based 
on €72 per kg 
Hard surfaces Sealed surfaces 1.2 0 0 0.00 
Cobble stones 
on permeable 
surface 
0.22 0 0 0.00 
Water bodies and 
saturated surfaces 
Artificial water 
bodies 
0.12 0 0 0.00 
Wetland 3.35 30 100.5 7236.00 
Open (dry) green 
areas 
Grassland 3.4 27 91.8 6609.60 
Flower meadow 0.45 27 12.15 874.80 
Herbaceous 
groundcover 
5.3 27 143.1 10303.20 
Wooded green 
areas 
 
Deciduous 
wooded area 
with herbaceous 
undergrowth 
1.85 66 122.1 8791.20 
City trees without 
undergrowth 
Grouped Trees 
first order 
1.85 54 99.9 7192.80 
Single trees Single trees first 
order 
54 trees* 0.27* 14.58 1049.76 
Total kgs PM10 annually  584.13   
Total benefit  € 42,057.36  
 
ii. Wadis 
Table A5-6: Wadis Air Filtration calculation 
Category  Surface type Area (ha) 
or tree 
number 
input 
Average 
kg 
PM10 
per year 
per  ha 
Average 
kg PM10 
per year 
per ha by 
Area 
input 
Conversion in 
euros based 
on €72 per kg 
Hard surfaces Sealed surfaces 5.62 0 0 0.00 
Cobble stones on 
permeable surface 
1 0 0 0.00 
Water bodies 
and saturated 
surfaces 
Artificial water 
bodies 
0.47 0 0 0.00 
Wetland 0.44 30 13.2 950.40 
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Wadis 4.22 16.5 69.63 5013.36 
Open (dry) green 
areas 
Grassland 3.46 27 93.42 6726.24 
Flower meadow 0.6 27 16.2 1166.40 
City trees without 
undergrowth 
Grouped Trees first 
order 
1.68 54 90.72 6531.84 
Single trees Single trees first 
order 
23 trees* 0.27* 6.21 447.12 
Total kgs PM10 annually  289.38   
Total benefit  € 20,835.36  
 
iii. Green Roofs 
Table A5-7: Green Roofs Air Filtration calculation 
Category  Surface type Area (ha) 
or tree 
number 
input 
Average 
kg 
PM10 
per year 
per  ha 
Average 
kg PM10 
per year 
per ha by 
Area 
input 
Conversion in 
euros based 
on €72 per kg 
Green Roofs Extensive Green 
Roofs 
3.76 1.5 5.64 406.08 
Total kgs PM10 annually  5.64   
Total benefit  € 406.08  
 
 
c. Local climate regulation 
The local climate regulation calculation uses the surface type and areas described in Table 
A5-1. Wang et al., 2014 include a climate regulation valuation factor for both trees and other 
green surfaces based on potential energy savings. The valuation factors includes a low and 
high estimate. Therefore the inputs are converted with both the low and high valuation 
factors before a mid-point between the range is determined. 
 
Since there is quite a bit of variation  in terms of the non-tree surface areas, a weighteing 
factor has been applied before the valuation factor. The weights come from the NWV and are 
based on expert opinion. 
i. Green Corridor 
Table A5-8: Green Corridor Local Climate Regulation calculation 
 Tree calculation 
  
  
  
  
  
  
  
  
Assumed 400 trees per hectare 
in wooded zone of 1.85 
740   
  
  
  
  
  
  
  
Plus single trees 54 
Total Trees 794 
 
Dollar per tree per year range 
from Wang et al., 2014 (based 
on energy savings) 
10 249 
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  Exchange rate 2014 0.92     
Euro per tree per year range 9.2 229.08 
Euro per total trees range  7304.8 181889.52 
Mid-point € 94,597.16 
  
Surface Area Calculation 
Category  Surface type Area 
(ha) or 
tree 
number 
input 
Qualitative 
score per 
surface 
type 
Area 
input by 
score 
Hard surfaces Sealed surfaces 1.2 0 0 
Cobble stones on permeable 
surface 
0.22 0 0 
Water bodies and 
saturated surfaces 
Artificial water bodies 0.12 0.6 0.072 
Wetland 3.35 0.8 2.68 
Open (dry) green 
areas 
Grassland 3.4 0.2 0.68 
Flower meadow 0.45 0.2 0.09 
Herbaceous groundcover 5.3 0.2 1.06 
Wooded green areas Deciduous wooded area with 
herbaceous undergrowth 
1.85 1 1.85 
Total 6.432 
  
  
  
  
  
  
  
  
  
   
  
  
  
  
  
  
  
  
Total of area input by score 6.432 
Dollar per m2 per year range 
from range et al., 2014 (based 
on energy savings) 
0.1 0.35 
Exchange rate 2014 0.92   
Euro per area m2 per year 
range 
0.092 0.322 
Euro per area ha per year 
range 
920 3220 
Euro per total of input by score 
area range  
5917.44 20711.04 
Mid-point  € 13,314.24  
Total  € 107,911.40  
 
 
ii. Wadis 
Table A5-9: Wadis Local Climate Regulation calculation 
  Tree calculation       
  Assumed 400 trees per hectare in 
wooded zone of 1.68 
672     
  Plus single trees 23     
  Total Trees 695     
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  Dollar per tree per year range from 
Wang et al., 2014 (based on 
energy savings) 
10 249   
  Exchange rate 2014 0.92     
  Euro per tree per year range 9.2 229.08   
  Euro per total trees range  6394 159210.6   
  Midpoint € 
82,802.30 
    
  
Surface Area Calculation  
Category  Surface type Area (ha) 
or tree 
number 
input 
Qualitative 
score per 
surface 
type 
Area 
input 
by 
score 
Hard surfaces Sealed surfaces 5.62 0 0 
Cobble stones on permeable 
surface 
1 0 0 
Water bodies and 
saturated surfaces 
Artificial water bodies 0.47 0.6 0.282 
Wetland 0.44 0.8 0.352 
Wadis 4.22 0.4 1.688 
Open (dry) green 
areas 
Grassland 3.46 0.2 0.692 
Flower meadow 0.6 0.2 0.12 
Total 3.134 
 
  
  
  
  
  
  
  
  
Total of area input by score 3.134   
  
  
  
  
  
  
  
Dollar per m2 per year range from 
range et al., 2014 (based on 
energy savings) 
0.1 0.35 
Exchange rate 2014 0.92   
Euro per area m2 per year range 0.092 0.322 
Euro per area ha per year range 920 3220 
Euro per total of input by score 
area range  
2883.28 10091.48 
Midpoint  €  6,487.38  
  
 Total  € 89,289.68  
 
iii. Green Roofs 
The green roofs calculation is based on the same factor used for the other two nature-based 
solutions and is not green roof surface cover specific. 
 
Table A5-10: Green Roofs Local Climate Regulation calculation 
Total of area  3.76  
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Dollar per m2 per year range from Wang et al., 
2014 (based on energy savings) 
0.1 0.35 
Exchange rate 2014 0.92   
Euro per area m2 per year range 0.092 0.322 
Euro per area ha per year range 920 3220 
Euro per total of input by score area range  3459.2 12107.2 
Mid-point  € 7,783.20  
Total  € 7,783.20  
 
d. Carbon sequestration 
The carbon sequestration calculation procedure uses the inputs from Table A5-1. The inputs 
are multiplied by the estimated CO2 uptake per surface type and area for both a low estimate 
and a high estimate. The low and high estimates for each surface type are then valued 
according to a low and high valuation factor (€100 and €366 respectively) before being 
summed into a total. The final output is the mid-point between the two totals. 
 
i. Green Corridor 
Table A5-11: Green Corridor Carbon Sequestration calculation 
Category  Surface 
type 
Area 
(ha) 
or 
tree 
numb
er 
input 
Low 
estima
te of 
kg 
CO2 
uptake 
per m2 
Low 
estima
te of 
ton 
CO2 
uptake 
per ha 
Conversi
on in 
euros 
based 
on low 
estimate 
of €100 
per ton 
  High 
estima
te of 
kg 
CO2  
uptake 
per m2 
High 
estima
te of 
ton 
CO2 
uptake 
per ha 
Conversi
on in 
euros 
based 
on low 
estimate 
of €366 
per ton 
Hard 
surfaces 
Sealed 
surfaces 
1.2 0 0 0   
  
  
  
  
  
  
  
  
  
  
0 0 0 
Cobble 
stones on 
permeabl
e surface 
0.22 0 0 0 0 0 0 
Water 
bodies 
and 
saturated 
surfaces 
Artificial 
water 
bodies 
0.12 0 0 0 0 0 0 
Wetland 3.35 0.025 0.25 83.75 0.2 2 2452.2 
Open 
(dry) 
green 
areas 
Grasslan
d 
3.4 0.025 0.25 85 0.2 2 2488.8 
Flower 
meadow 
0.45 0.025 0.25 11.25 0.2 2 329.4 
Herbaceo
us 
groundco
ver 
5.3 0.05 0.5 265 0.4 4 7759.2 
Wooded  1.85 0.79 7.9 1461.5 1.18 11.8 7989.78 
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green 
areas 
Deciduou
s wooded 
area with 
herbaceo
us 
undergro
wth 
City trees 
without 
undergro
wth 
Grouped 
Trees first 
order 
1.85 0.74 7.4 1369 1.08 10.8 7312.68 
Single 
trees 
Single 
trees first 
order 
54 
trees* 
340* 0.034* 183.6 540* 0.054* 1067.25
6 
Low Estimate Euro Total € 
3,459.10 
High Estimate 
Euro Total 
 € 
29,399.3
2  
Midpoint between high and low Euro Totals 
  
 € 
16,429.2
1  
 
ii. Wadis 
Table A5-12: Wadis Carbon Sequestration calculation 
Category  Surface 
type 
Area 
(ha) 
or 
tree 
numb
er 
input 
Low 
estima
te of 
kg CO2 
uptake 
per m2 
Low 
estima
te of 
ton 
CO2 
uptake 
per ha 
Conversi
on in 
euros 
based on 
low 
estimate 
of €100 
per ton 
  High 
estima
te of 
kg CO2  
uptake 
per m2 
High 
estima
te of 
ton 
CO2 
uptake 
per ha 
Conversi
on in 
euros 
based on 
low 
estimate 
of €366 
per ton 
Hard 
surfaces 
Sealed 
surfaces 
5.62 0 0 0   
  
  
  
  
  
  
  
  
  
0 0 0 
Cobble 
stones 
on 
permea
ble 
surface 
1 0 0 0 0 0 0 
Water 
bodies 
and 
saturated 
surfaces 
Artificial 
water 
bodies 
0.47 0 0 0 0 0 0 
Wetland 0.44 0.025 0.25 11 0.2 2 322.08 
Wadis 4.22 0.025 0.25 105.5 0.2 2 3089.04 
Open 
(dry) 
Grassla
nd 
3.46 0.025 0.25 86.5 0.2 2 2532.72 
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green 
areas 
Flower 
meadow 
0.6 0.025 0.25 15 0.2 2 439.2 
City trees 
without 
undergro
wth 
Groupe
d Trees 
first 
order 
1.68 0.74 7.4 1243.2 1.08 10.8 6640.70
4 
Single 
trees 
Single 
trees 
first 
order 
23 
trees* 
340* 0.034* 78.2 540* 0.054* 454.572 
     Low 
Estima
te 
Euro 
Total 
  € 
1,539.40 
High 
Estima
te 
Euro 
Total 
   €   
13,478.3
2  
Midpoint between high and low Euro Totals  €     
7,508.86  
 
iii. Green Roofs 
Table A5-13: Green Roof Carbon Sequestration calculation 
Category  Surface 
type 
Area 
(ha) 
or 
tree 
numb
er 
input 
Low 
estim
ate of 
kg 
CO2 
uptak
e per 
m2 
Low 
estim
ate of 
ton 
CO2 
uptak
e per 
ha 
Conver
sion in 
euros 
based 
on low 
estimat
e of 
€100 
per ton 
  High 
estim
ate of 
kg 
CO2  
uptak
e per 
m2 
High 
estim
ate of 
ton 
CO2 
uptak
e per 
ha 
Convers
ion in 
euros 
based 
on low 
estimate 
of €366 
per ton 
Green 
Roofs 
Extensiv
e Green 
Roofs 
3.76 0.05 0.5 188   
  
0.4 4 5504.64 
     Low 
Estim
ate 
Euro 
Total 
  € 
188.00 
High 
Estim
ate 
Euro 
Total 
   €     
5,504.6
4  
Midpoint between high and low Euro Totals  €     
2,846.3
2  
 
e. Recreational 
The recreation benefit calculation is not based on surface type and area. Instead it is a 
distance decay calculation derived from Sen et al., 2013, which is also adopted in the NWV. 
The calculation measures how the distance to the entrance of nature Hoboken polder green 
recreation area is reduced with the green corridor being included on-site.  
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The first step is to count the number of residents within 4 buffers around ranging from 400 m 
to 3200 m. The Ruimtemodel toolbox described in Appendix 4 was used to do this. The 
buffers are independent from one another; therefore each resident is only counted once. In 
other words, residents in the 400 m buffer are not accounted for in the 800 m buffer etc.  
 
The second step is to calculate the average Euclidean distance of the residents within each 
buffer. Therefore the distance to the entrance of the recreation area for each resident is 
measured (Euclidean), added together and divided by the total number of residents in that 
buffer. 
 
The third step includes a distance weighting factor from Sen et al. (2013). The factor 
determines the appeal of the recreational area based on distance and is calculated with the 
function: 
 1
𝐷𝐷𝐷𝑡𝐷𝐷𝐷𝐷 𝑡𝑡 𝐷𝐷𝑡𝑒𝐷𝐷𝐷𝐷 𝐷 𝑚𝐷𝑡𝐷𝑒𝐷  × 200 𝑚𝐷𝑡𝐷𝑒𝐷 
 
The four steps determine the number of visits by multiplying the number of residents in each 
buffer zone by the distance weighting factor and an average of 50 visits per resident per 
year. The totals for each zone are then added together for a total number of visits. 
 
Finally, the total number of visits is multiplied by a valuation factor of €4.5. The calculation 
procedure was applied to both the current entrance to Hoboken polder and the entrance to 
the green corridor on the eastern side of the site. The additional economic benefit is the 
difference between the two, since the entrance to the green corridor is closer to the residents 
in Antwerp. 
Table A5-14: Green Corridor Recreation value calculation 
  Distance from entrance   
  400m 800m 1600m 3200m   
Hoboken Polder (current scenario) 
Residents within zones 0 0 1848 23917.00   
Average distance of 
residents in zone 
(Euclidean) 
0 0 1374.932395 2520.76   
Distance Weighting Factor 0 0 0.145461697 0.08   
(Distance Weighting 
Factor)*(50 visits) 
0 0 13440.66084 94880.12   
Total visitors Hoboken 
Polder 
108320.7764 
Euro value when €4.5/visit 487443.4936 
 
Corridor Entrance (future scenario) 
Residents within zones 3 0 4381 38351.00   
  
  
  
Average distance of 
residents in zone 
(Euclidean) 
304.138000
5 
0 1402.046324 € 2,469.36 
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Distance Weighting Factor 0.65759622
2 
0 0.142648639 0.08099275
4 
(Distance Weighting 
Factor)*(50 visits) 
98.6394332
6 
0 31247.18438 155307.655
9 
Total visitors Hoboken 
Polder 
186653.4798 
Euro value when €4.5/visit 839940.6589 
 
Difference in number of 
visitors 
78332.70341 
Difference in economic benefit € 352,497.17  
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